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Abstract 


Altier,  L.S.,  R.  Lowrance,  R.G.  Williams,  et  al.  2002.  Riparian  Ecosystem  Management 
Model:  Simulator  for  Ecological  Processes  in  Riparian  Zones.  United  States  Department 
of  Agriculture,  Agricultural  Research  Service,  Conservation  Research  Report  46. 


Riparian  buffer  zones  are  effective  in  mitigating  nonpoint  source  pollution  and  have  been 
recommended  as  a  best  management  practice  (BMP).  Their  potential  use  as  a  BMP  has 
been  limited  because  of  the  lack  of  a  design  procedure  that  can  quantify  their 
effectiveness  for  a  given  set  of  site  conditions.  The  Riparian  Ecosystem  Management 
Model  (REMM)  has  been  developed  for  researchers  and  natural  resource  agencies  as  a 
modeling  tool  that  can  help  to  quantify  the  water  quality  benefits  of  riparian  buffers 
under  varying  site  conditions.  Processes  simulated  in  REMM  include  surface  and 
subsurface  hydrology;  sediment  transport  and  deposition;  carbon,  nitrogen,  and 
phosphorus  transport,  removal,  and  cycling;  and  vegetation  growth.  Simulations  are 
performed  on  a  daily  basis  and  can  be  continued  in  excess  of  100  years.  Management 
options  such  as  vegetation  type,  size  of  the  buffer  zone,  and  biomass  harvesting  can  also 
be  simulated.  REMM  can  be  used  in  conjunction  with  upland  models,  empirical  data,  or 
estimated  loadings  to  examine  scenarios  of  buffer  zone  design  for  a  hillslope. 
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Chapter  1 

Water  Quality  Functions  of  Riparian  Buffer  Systems 


Richard  Lowrance 


Riparian  Buffer  Systems  (RBS)  are  streamside  ecosystems  that  are  managed  for 
the  enhancement  of  water  quality  through  control  of  nonpoint  source  (NPS) 
pollution  and  protection  of  the  stream  environment.  The  use  of  riparian 
management  zones  is  relatively  well  established  as  a  best  management  practice 
(BMP)  for  water  quality  improvement  in  forestry  (Comerford  et  al.  1992)  but  has 
been  much  less  widely  applied  as  a  BMP  in  agricultural  areas  or  in  urban  or 
suburban  settings. 

The  Riparian  Ecosystem  Management  Model  (REMM)  provides  a  tool  for 
estimating  the  nonpoint  source  pollution  control  by  field-scale  riparian  eco- 
systems. RBS  are  especially  important  on  small  streams,  where  there  is  intense 
interaction  between  terrestrial  and  aquatic  ecosystems.  First-  and  second-order 
streams  make  up  nearly  three-quarters  of  the  total  stream  length  in  the  United 
States  (Leopold  et  al.  1964).  Fluvial  activities  influence  the  composition  of 
riparian  plant  communities  along  these  small  streams  (Gregory  et  al.  1991). 
Likewise,  terrestrial  disturbances  can  have  an  immediate  effect  on  aquatic 
populations  (Webster  et  al.  1992,  Sweeney  1993).  Small  streams  can  be 
completely  covered  by  the  canopies  of  streamside  vegetation  (Sweeney  1993). 
Riparian  vegetation  has  well-known  beneficial  effects  on  the  bank  stability,  bio- 
logical diversity,  and  water  temperatures  of  streams  (Karr  and  Schlosser  1978). 
Riparian  forests  of  mature  trees  (30  to  75  years  old)  are  known  to  effectively 
reduce  nonpoint  source  pollution  from  agricultural  fields  (Lowrance  et  al.  1985). 

Compared  to  other  NPS  pollution  control  measures,  RBScan  lead  to  longer-term 
changes  in  the  structure  and  function  of  agricultural  landscapes.  To  produce 
long-term  improvements  in  water  quality,  RBS  must  be  designed  with  an 
understanding  of  the  processes  that  remove  or  sequester  pollutants  entering  the 
riparian  buffer  system;  the  effects  of  riparian  management  practices  on  pollutant 
retention;  the  effects  of  riparian  forest  buffers  on  aquatic  ecosystems;  the  time  to 
recovery  after  harvest  of  trees  or  re-establishment  of  riparian  buffer  systems;  and 
the  effects  of  underlying  soil  and  geologic  materials  on  chemical,  hydrological, 
and  biological  processes. 

This  chapter  consists  of  a  brief  overview  of  nonpoint  source  pollution  problems, 
general  information  on  the  water  quality  functions  of  riparian  ecosystems,  a 
synthesis  of  the  research  and  scientific  judgments  on  which  the  RBS  specifi- 
cation is  based,  and  an  evaluation  of  the  applicability  of  RBS. 


Nonpoint  Source 
Pollution  Control 
Relative  to  Nutrient 
Load  Reduction 
Strategies 


Nonpoint  source  pollution  is  the  major  cause  of  surface  water  impairment  in  the 
United  States  (Long  1991,  Baker  1992)  and  has  been  addressed  as  a  national 
priority  since  the  1978  passage  of  the  Clean  Water  Act,  Section  319,  which 
requires  "that  programs  for  the  control  of  nonpoint  sources  of  pollution  be 
developed  and  implemented."  The  effectiveness  of  the  RBS  is  likely  to  be  judged 
by  their  NPS  pollution  control  effectiveness. 


Although  assessments  are  incomplete  and  do  not  include  all  states,  it  is  estimated 
are  that  about  30  percent  of  U.S.  waters  are  impaired — meaning  they  do  not  fully 
support  their  designated  uses  (U.S.  EPA  1990a).  Of  impaired  waters,  about  two- 
thirds  of  the  problems  are  primarily  from  NPS  pollution  (U.S.  EPA  1986).  The 
nonpoint  sources  of  pollution  vary,  but  agriculture  is  the  major  contributor  for 
rivers  and  lakes.  Besides  agriculture,  the  other  major  contributors  of  NPS 
pollution  are  urban  areas,  mining,  atmospheric  deposition,  and  natural  origins. 
Nutrients  and  sediments  are  still  the  principal  sources  of  surface  water 
impairment  (U.S.  EPA  1986,  1990a,b).  Sediments  are  the  most  important  cause 
of  impairment  for  rivers,  and  nutrients  are  the  most  important  cause  of 
impairment  for  estuaries.  Although  pesticides,  metals,  and  priority  pollutants  are 
identified  as  problems  in  less  than  20  percent  of  the  assessed  waters,  the  extent 
of  this  contamination,  especially  for  pesticides,  may  be  underestimated. 

A  systems  approach  for  NPS  pollution  reduction  will  include  structural  BMPs 
and  source  load  reductions,  as  well  as  approaches  which  seek  to  integrate  the 
management  and  restoration  of  landscape  features  that  retain  pollutants  through  a 
combination  of  ecosystem  processes.  Examples  of  these  pollutant  sinks  include 
natural  wetlands,  constructed  wetlands,  and  riparian  forest  buffer  systems  (Fields 
1992).  As  pollutant  sinks  increase  in  complexity  from  simple  physical  structures 
to  diverse  natural  ecosystems,  so  increase  both  the  importance  and  the  difficulty 
of  understanding  processes  that  sequester  or  remove  pollutants. 


New  Approaches  to       Risk  assessment  and  source  reduction  are  new  approaches  for  NPS  pollution 


Nonpoint  Source 
Pollution  Estimation 
and  Abatement 


control  (Baker  1992).  In  some  watersheds,  a  high  percentage  of  total  pollutant 
loadings  comes  from  a  relatively  small  portion  of  the  watershed  area  because  of 
improper  management  of  sources,  improper  siting  of  facilities,  problematic 
environmental  and  site  conditions,  or  a  combination  of  these  factors.  Watershed- 
scale  risk  assessment  seeks  to  identify  and  reduce  loadings  from  areas  which 
contribute  large  amounts  of  NPS  pollution. 


Concurrent  with  identification  of  problem  areas  comes  the  opportunity  for  source 
reduction.  Source  reduction  has  been  responsible  for  some  of  the  more 
impressive  successes  of  NPS  pollution  reduction,  including  the  reduction  of 
loadings  of  lead  from  automobile  emissions  and  of  organochlorine  pesticides 


(Baker  1992).  Source  reduction  should  be  linked  with  watershed-scale  risk 
assessments  because  the  potential  for  source  reduction  may  be  greatest  (and 
probably  most  economical)  in  areas  generating  the  highest  unit  area  loadings. 
The  linkage  of  risk  assessment  and  source  reduction  will  depend  on  interacting 
factors  such  as  type  of  pollutant  (for  example,  purchased  input  vs.  by-product), 
reason  for  high  risk  (such  as  poor  management,  siting  of  facilities,  or  inherent 
regional  risks),  and  availability  of  alternative  practices  and  sites. 

Even  when  risk  assessment  and  source  reduction  strategies  lead  to  load 
reductions  under  average  conditions,  a  third  aspect  of  watershed  management — 
maintenance  and  restoration  of  buffer  systems  between  terrestrial  and  aquatic 
ecosystems — is  necessary  to  reduce  the  contributions  of  extreme  events  to  NPS 
pollutant  loads.  Under  the  best  of  conditions,  source  reduction  will  likely  leave 
watersheds  vulnerable  to  extreme  events,  including  weather  extremes  as  well  as 
economically  generated  extremes  (such  as  intensification  of  pollution-generating 
production  practices).  Watershed  studies  have  demonstrated  the  importance  of 
extreme  events  to  water  and  pollutant  transport.  Extreme  events  within  a  year 
dominate  annual  totals,  and  wet  years  within  multiyear  cycles  dominate  long- 
term  loadings  (Lowrance  and  Leonard  1988,  Jaworski  et  al.  1992,  Magnien  et  al. 
1992).  Control  of  NPS  pollution  from  extreme  events  will  require  integration  of 
risk  assessment  and  source  reduction  approaches  with  buffer  systems  as 
landscape-scale  "insurance  policies." 

Buffer  systems  are  also  important  in  controlling  watershed  NPS  pollutants 
because  of  the  limitations  of  other  BMPs  for  NPS  pollution  control.  For 
example,  Hall  (1992)  monitored  changes  in  groundwater  nitrate  (N03"-N) 
concentrations  beneath  heavily  fertilized  and  manured  fields  in  Lancaster 
County,  Pennsylvania,  following  the  implementation  of  "input  management" 
techniques.  Fertilizer/manure  inputs  decreased  by  39  to  67  percent  (222  to  423 
kg  ha"1),  but  groundwater  nitrate  decreased  by  12  to  50  percent.  By  the  end  of  the 
study,  nitrate  concentrations  in  groundwater  still  exceeded  federal  drinking  water 
standards.  Shirmohammadi  et  al.  (1991)  used  the  CREAMS  simulation  model  to 
evaluate  the  effects  of  seven  different  BMPs  on  groundwater  nitrate 
concentrations  beneath  cropping  systems  on  the  Eastern  Shore  of  Maryland. 
Although  CREAMS  does  not  provide  absolute  predictions,  none  of  the  BMPs 
were  predicted  to  reduce  groundwater  nitrate  concentrations  to  less  than  the 
federal  drinking  water  standard.  Under  appropriate  conditions,  described  in  this 
report,  RBS  are  likely  to  be  an  important  component  of  NPS  pollution  control 
when  in-field  BMPs  are  inadequate. 


Historical  Overview 
of  Scientific  Interest 
in  Riparian 
Ecosystems 


Most  of  the  knowledge  of  the  effect  of  riparian  ecosystems  on  water  quality 
comes  from  research  conducted  since  1975.  Two  publications  in  1978 
galvanized  scientific  and  management  interest  in  riparian  ecosystems.  Karr  and 
Schlosser  (1978)  concluded  that  stream  environments  are  largely  controlled  by 
adjacent  riparian  ecosystems  and  provided  an  overview  of  relationships  between 
water  resources  and  riparian  ecosystems  (the  land-water  interface).  Johnson  and 
McCormick  (1978)  edited  the  proceedings  of  a  symposium  that  included  55 
reports  on  various  aspects  of  riparian  research,  management,  and  policy.  While 
the  symposium  proceedings  contained  excellent  discussions  of  the  late  1970s 
state  of  knowledge  concerning  riparian  ecosystems  and  other  types  of  wetlands 
(Brown  et  al.  1978,  Wharton  and  Brinson  1978),  only  one  paper  (Mitsch  1978) 
dealt  specifically  and  quantitatively  with  the  water  quality  functions  of  a  riparian 
ecosystem.  The  proceedings  also  included  a  review  of  the  general  water  quality 
functions  of  wetlands  (Kibby  1978)  in  which  a  number  of  publications  on 
nutrient  cycling  in  riparian  and  other  wetlands  were  cited.  Only  a  few  of  the 
citations  dealt  specifically  with  water  quality  effects  of  riparian  ecosystems 
(Kitchens  et  al.  1975,  Lee  et  al.  1975,  Kuenzler  et  al.  1977,  Richardson  et  al. 
1978).  Although  the  1978  symposium  contained  numerous  claims  about  the 
water  quality  functions  of  riparian  ecosystems,  few  data  were  presented. 


In  the  late  1970s  a  number  of  research  projects  began  to  develop  a  more 
quantitative  understanding  of  the  role  played  by  riparian  ecosystems  in 
controlling  NPS  pollution  by  sediment  and  nutrients  in  agricultural  watersheds 
(Lowrance  et  al.  1983,  Peterjohn  and  Correll  1984,  Jacobs  and  Gilliam  1985). 
These  studies  were  primarily  in  the  Coastal  Plain  physiographic  province  of  the 
eastern  United  States,  where  the  typical  land-use  pattern  is  intensive  row-crop 
agriculture  in  upland  areas,  with  riparian  forests  along  low-order  streams.  These 
early  studies  shared  at  least  two  other  important  characteristics:  (1)  a  relatively 
shallow  aquiclude,  which  forced  most  infiltrated  water  to  move  laterally  toward 
streams  and  pass  through  or  near  the  riparian  forest  root  zone  and  (2)  naturally 
regenerated  forests  typical  of  the  region  rather  than  forests  managed  specifically 
for  water  quality  functions.  These  studies  focused  on  riparian  processes  related 
to  nutrients  and  sediment  with  little  or  no  attention  to  the  fates  of  other  pollutants 
or  to  the  effects  of  riparian  areas  on  the  physical  or  trophic  status  of  the  stream. 


As  interest  in  the  nonpoint  source  pollution  control  value  of  riparian  ecosystems 
increased,  recognition  of  their  importance  to  the  physical  and  trophic  status  of 
streams  also  developed.  Karr  and  Schlosser  (1978)  quantified  the  effects  of 
riparian  vegetation  on  sunlight  penetration  and  temperature  of  streams.  Research 
in  the  1980s  confirmed  the  importance  of  large  woody  debris  and  leaf  litter 
inputs  to  the  habitat  and  trophic  status  of  most  small  streams  (Meyer  and  O'Hop 
1983,  Benke  et  al.  1985,  Harmon  et  al.  1986).  By  1987,  it  was  well  established 
that  woody  debris  derived  from  riparian  forests  played  an  important  role  in 
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controlling  channel  morphology,  the  storage  and  routing  of  organic  matter  and 
sediment,  and  the  amount  and  quality  offish  habitat  (Bisson  et  al.  1987). 


By  the  late  1980s,  there  was  a  clear  need  to  synthesize  the  existing  knowledge 
into  management  recommendations  for  the  establishment,  maintenance,  and 
management  of  riparian  ecosystems  for  a  broad  range  of  water  quality  functions 
(Lowrance  1991).  In  1991  the  U.S.  Department  of  Agriculture  (USDA)  Forest 
Service  with  assistance  from  the  Agricultural  Research  Service  and  Soil 
Conservation  Service  of  USDA,  the  Stroud  Water  Research  Center  in 
Pennsylvania,  the  Pennsylvania  Department  of  Environmental  Resources,  the 
Maryland  Department  of  Natural  Resources,  and  the  U.S.  Department  of  the 
Interior's  Fish  and  Wildlife  Service  developed  draft  guidelines  for  riparian  forest 
buffers.  This  effort  resulted  in  a  booklet  titled  "Riparian  Forest  Buffers — 
Function  and  Design  for  Protection  and  Enhancement  of  Water  Resources" 
(Welsch  1991),  which  specified  a  riparian  buffer  system  consisting  of  three 
zones: 

•  Zone  1  is  permanent  woody  vegetation  immediately  adjacent  to  the 
stream  bank. 

•  Zone  2  is  managed  forest  occupying  a  strip  upslope  from  zone  1 . 

•  Zone  3  is  an  herbaceous  filter  strip  upslope  from  zone  2. 


The  specification  applies  to  areas  where  cropland,  grasslands,  or  pasture  are 
adjacent  to  riparian  areas  on  permanent  or  intermittent  streams,  margins  of  lakes 
and  ponds,  margins  of  wetlands,  or  margins  of  groundwater  recharge  areas  such 
as  sinkholes. 

The  primary  purposes  of  zone  3  of  the  RBS  are  to  remove  sediment  from  surface 
runoff  and  to  convert  channelized  flow  to  sheet  flow. 


The  primary  function  of  zone  2  is  to  block  transport  of  sediment  and  chemicals 
from  upland  areas  into  the  adjacent  wetland  or  aquatic  ecosystem.  Vegetation 
and  litter  in  these  zones  form  a  mechanical  barrier  to  sediment  transport.  Plant 
roots  take  up  chemicals  that  become  sequestered  in  growing  biomass.  Vegetation 
also  produces  organic  matter  that  fosters  chemical  and  biological  processes  that 
immobilize  or  transform  pollutants. 

Although  most  zone  2  functions  also  occur  in  zone  1 ,  the  primary  purpose  of 
zone  1  is  to  maintain  the  integrity  of  the  stream  bank  and  a  favorable  habitat  for 
aquatic  organisms.  Shade  and  litter-fall  provided  by  streamside  vegetation  have  a 
direct  influence  on  water  temperature  and  dissolved  chemicals. 


The  Forest  Service  report  and  specification  were  based  on  a  synthesis  of 
literature  existing  through  1989  and  on  in-depth  discussions  with  scientists  and 
managers  working  on  various  riparian  ecosystems  (Welsch  1991).  Some  of  the 
generalizations  which  guided  the  design  of  RBS  were  based  on  studies  of 
nutrient  sequestering  and  nutrient  transformations  in  agricultural  watersheds 
(Correll  1983,  Yates  and  Sheridan  1983,  Lowrance  et  al.  1985).  These 
watershed-scale  studies  indicated  that  riparian  forests  are  important  nutrient  and 
sediment  sinks  in  agricultural  watersheds  but  provided  little  or  no  guidance  on 
how  to  design  an  effective  RBS.  Process  studies  in  these  and  other  systems 
provided  most  of  the  original  design  guidance.  Several  studies  on  nitrate  removal 
from  shallow  groundwater  in  riparian  forest  buffers  found  that  most  reduction  in 
nitrate  concentration  takes  place  within  the  first  1 0  to  1 5  m  of  forest  (Lowrance 
et  al.  1984,  Peterjohn  and  Correll  1984,  Jacobs  and  Gilliam  1985)  and  that  the 
width  necessary  for  shallow  groundwater  nitrate  removal  could  be  relatively 
short.  Although  effective  in  reducing  sediment  and  sediment-borne  chemical 
concentrations  in  sheet  flow  (Peterjohn  and  Correll  1984),  channelized  flow  can 
bypass  riparian  forests.  To  control  channelized  flow  into  a  riparian  forest,  a 
herbaceous  strip  in  zone  3  could  be  much  more  easily  reshaped  and  revegetated 
than  a  forest.  Herbaceous  buffers,  especially  grass  filters,  are  effective  at 
removing  coarse  suspended  sediments  and  some  sediment-borne  pollutants  but 
may  require  frequent  maintenance  and  are  not  very  effective  at  nutrient  removal 
from  shallow  groundwater  (Magette  et  al.  1987,  1989,  Dillaha  et  al.  1989). 

Long-term  sequestering  and  removal  of  nutrients  and  other  contaminants  in  the 
RBS  is  the  main  purpose  of  zones  3  and  2.  This  can  occur  by  accumulating 
sediment  and  adsorbed  contaminants,  microbial  transformations  (for  nitrogen) 
and  biochemical  degradation  (for  pesticides),  and  incorporation  of  nutrients  and 
other  chemicals  into  woody  biomass  and  soil  organic  matter.  At  least  one  study 
of  coastal  plain  riparian  forests  showed  substantial  amounts  of  nutrient 
sequestering  in  woody  biomass  (Fail  et  al.  1986).  The  RBS  specification 
encourages  production  and  harvest  of  woody  biomass  from  zone  2  to  remove 
nutrients  and  other  contaminants.  Once  vegetation  has  been  removed  from  the 
stream  channel,  recovery  through  plant  succession  may  take  a  long  time  and 
revegetation  may  be  dominated  by  undesirable  species  (Sweeney  1993). 
Therefore,  the  need  for  permanent  control  of  the  stream  physical  and  trophic 
environment  requires  that  succession  be  directed  toward  desirable  permanent 
vegetation  in  those  portions  of  the  RBS  which  directly  influence  the  stream 
channel,  in  particular  zone  1 . 

A  number  of  practical  matters  were  also  considered  in  the  RBS  specification 
(Welsch  1991).  Most  RBS  should  be  available  for  management  to  provide  an 
economic  return  without  sacrificing  water  quality  functions.  Characteristics  of 
soils,  hydrology,  and  potential  vegetation  should  guide  design  and  planning  of 


effective  RBS.  The  RBS  should  be  used  in  conjunction  with  sound  upland 
management  practices  including  nutrient  management  and  erosion  control.  In- 
stream  woody  debris  removal  should  be  limited,  but  woody  debris  with  the 
potential  to  form  dams  that  cause  inundation  should  be  removed.  The 
dimensions  of  the  RBS  should  depend  on  the  existing  and  potential  NPS 
pollutant  loads  and  the  minimum  size  for  sustained  support  of  the  aquatic 
environment. 
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Chapter  2 

Hydrology:  Surface  and  Subsurface  Water  Movement 


Randall  G.  Williams,  Joseph  M.  Sheridan,  Shreeram  P.  Inamdar,  David  D. 
Bosch,  Richard  Lowrance,  Robert  K.  Hubbard,  Daniel  L.  Thomas,  and  Lee  S. 
Altier 

Summary  Riparian  buffer  zones  receive  water  from  precipitation  and  from  surface  runoff 

and  shallow  groundwater.  REMM  simulates  these  movements  of  water  into, 
through,  and  out  of  a  riparian  ecosystem.  Although  riparian  buffers  may  also 
receive  water  from  over  bank  flows  (floods)  and  deeper  groundwater,  REMM 
does  not  consider  these  movements.  In  REMM,  subsurface  flows  are  allowed  to 
move  from  adjacent  uplands  and  between  zones  based  on  the  hydraulic  gradients 
and  conductivities  between  the  zones  and  on  the  available  storage  in  the 
receiving  zone.  Water  also  moves  among  soil  layers.  Subsurface  flow  from  a 
zone  that  is  completely  saturated  and  that  cannot  move  into  the  adjacent  zone 
can  move  through  seepage  or  exfiltration.  Eventually  subsurface  flow  moves 
from  zone  1  into  the  adjacent  stream  or  aquatic  system  based  on  gradients 
between  the  water  table  in  zone  1  and  the  bottom  of  the  stream.  Surface  runoff  is 
allowed  to  infiltrate  based  on  available  storage  and  a  modified  Green-Ampt 
equation  except  for  a  component  of  upland  surface  runoff  which  can  be  routed 
through  based  on  depth  and  flow  velocity.  Surface  runoff  that  does  not  infiltrate 
moves  to  the  stream. 


Movement  and  storage  of  water  within  riparian  buffer  systems  is  simulated  by  a 
process-based,  two-dimensional  water  balance  operating  on  a  daily  time  step. 
The  components  of  the  water  balance  are  shown  in  figure  2.1.  The  hydrologic 
compo-nent  of  the  Riparian  Ecosystem  Management  Model  (REMM)  is  struc- 
tured to  facilitate  subsequent  computations  of  sediment  and  nutrient  transport,  as 
well  as  rates  of  biological  and  chemical  transformations.  A  schematic  detailing 
water  budget  components  simulated  in  the  REMM  hydrology  module  is  shown 
in  figure  2.2.  External  inputs  to  the  water  balance  include  daily  precipitation  and 
daily  surface  and  subsurface  flow  from  upslope  contributing  areas. 

On  each  day,  subsurface  vertical  movement  is  calculated  first,  followed  by 
horizontal  movement,  followed  by  precipitation.  The  calculations  start  with  zone 
3  and  proceed  down  through  zone  1 .  Outputs  from  the  water  balance  simulation 
include  daily  evapotranspiration,  deep  seepage,  and  surface  and  subsurface 
losses  to  the  water  body.  Conditions  reported  for  a  day  constitute  the  status  of  the 
respective  buffer  system  zone-layer  at  the  end  of  the  day,  and  hence  represent  the 
starting  conditions  for  the  next  day.  The  water  balance  equation  for  each  layer  of 
each  zone  is — 
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0M  +  Pt  +  Drainlnt  +  QSSInt 

-  Est  -  Ep+  Upt  -  QSt-  DrainOutt 

-  Qssm  -  DeepSeept 


[2.1] 


where,  on  day  t:  6,  is  soil  moisture  (mm); 

P,  is  incoming  surface  water — the  sum  of  bulk  precipitation  or  throughfall, 
upland  surface  runoff,  and  surface  seeps  (mm); 

Drainln,  and  DrainOut,  are  incoming  and  outgoing  vertical  drainage, 
respectively  (mm); 

Qss.in.i  anc*  Qss.ouu  are  incoming  and  outgoing  lateral  subsurface  flows, 
respectively  (soil  layers  only)  (mm); 

Es,  is  surface  evaporation  (from  litter  layer  and  upper  soil  layer  only)  (mm); 

Ep,  is  transpiration  loss  (mm); 

Up,  is  the  movement  of  soil  moisture  from  the  water  table  to  the  soil  layer  (mm); 

QSt  is  outgoing  surface  runoff  (mm);  and 

DeepSeep,  is  seepage  of  saturated  water  from  the  lowest  soil  layer  (mm). 


Surface  Runoff 


Surface  runoff  is  assumed  to  be  generated  when  the  sum  of  rainfall  and  upslope 
runoff  depth  exceeds  the  infiltration  capacity.  Excess  runoff  under  these 
conditions  is  called  "infiltration  excess  overland  flow."  Surface  runoff  is  also 
assumed  to  be  generated  when  the  topmost  soil  layer  is  already  saturated  and 
cannot  accept  any  additional  water.  Runoff  generated  under  these  circumstances 
is  called  "saturation  overland  flow."  Both  conditions  are  explicitly  and 
independently  simulated  in  the  model. 


Infiltration 


Infiltration  is  estimated  using  the  explicit  form  of  the  modified  Green- Ampt 
equation  (Stone  et  al.  1994).  The  total  infiltration  depth  F(t)  (in  millimeters)  for 
time  /  is  given  by — 


F(0=Y  (n-0)  Fl(fe) 


[2.2] 


where: 

\|/  is  the  average  wetting  front  capillary  potential  (mm), 

0  is  the  soil  moisture  content  (mm), 

r|  is  the  effective  porosity  (mm),  and 
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F*  (t*)  is  the  dimensionless  infiltration  depth,  which  is  given  by- 


KiO  - 


tc  +  Wc 


*0.7913 


K(t+t  -t) 

v(Ti-e) 


F 


pp 


\j/  In 


-  0.2987rc 
where: 
t*  is  the  dimensionless  time  computed  using- 


where: 

Ks  is  the  saturated  vertical  conductivity  (mm  s '), 

t  is  the  time  to  ponding  (s),  and 

ts  is  time  shift  parameter  (s)  given  by — 


F 
1+.    pp 


K 


ri-9 


\ 


[2.3] 


[2.4] 


[2.5] 


F     =  R*t 

pp  p 


Ks  H/  (T]-9) 
tp  '      R(R-K) 


where: 

Fpp  is  the  infiltration  depth  (mm)  prior  to  ponding  given  by- 

where: 

R  is  the  rainfall  rate  (mm  s"1). 

The  time  to  ponding  t  is  given  by — 


[2.6] 


[2.7] 


Surface  Runoff 
Routing 


Since  REMM  is  essentially  a  mass  balance  model  and  since  hydrologic 
computations  are  performed  on  a  daily  time  step,  a  detailed  surface  runoff 
routing  scheme  is  not  included.  Field  investigations,  though,  show  that  surface 
runoff  generated  from  fields  during  high-intensity  rainfall  events  can  have 
sufficient  depth  and  velocity  to  traverse  a  significant  distance  down  the  riparian 
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slope  before  being  lost  to  infiltration  (Sheridan  et  al.  1996).  This  becomes 
especially  significant  when  upland  runoff  enters  the  riparian  zone  as  channelized 
or  concentrated  flow.  To  account  for  this  phenomenon,  a  simple  routing  scheme, 
limited  to  upland  runoff,  is  used  in  REMM.  This  scheme  allows  incoming 
upland  runoff  to  be  distributed  down  the  riparian  slope  based  on  its  depth  and 
flow  velocity.  The  distributed  depth  is  then  summed  with  throughfall  for 
infiltration  computations.  The  routing  procedure  is  limited  to  incoming  runoff. 
Runoff  generated  within  the  riparian  area  by  infiltration  excess  overland  flow  or 
saturation  overland  flow  is  not  subjected  to  routing.  In  future  versions  of  REMM 
(when  event  simulations  will  be  performed  on  a  smaller  time  step)  a  more 
detailed  runoff  routing  scheme  will  be  used. 

The  upland  runoff  routing  procedure  assumes  that  runoff  enters  the  riparian  area 
as  a  rectangular  slug  with  the  length  of  the  slug  defined  by  the  duration  of  flow 
and  the  volume  of  the  slug  defined  by  the  total  runoff  excess.  The  duration  of 
runoff  is  estimated  as  a  function  of  the  upslope  drainage  area/field  and  is  based 
on  the  equation  developed  by  Young  et  al.  (1987): 


flowdur 


(1/6)  x  RF  x  — 

Q 


[2.8] 


p 

where: 

tflowduris  flow  duration  (s), 
RF  is  runoff  depth  (mm), 
A  is  the  upslope  drainage  area  (ha),  and 
Qp  is  the  peak  flow  (m3  s"1). 

Equation  2.8  gives  the  duration  of  flow  of  the  upland  runoff  at  the  upslope  edge 
of  the  riparian  buffer.  To  determine  the  movement  of  the  slug  down  the  slope, 
the  time  of  concentration  for  each  zone  is  computed  by  (Kerby  1959) — 


60.0  x 


2.2  x  n  x  l 


fs 


0.467 


[2.9] 


where: 

Tc  is  the  time  of  concentration  (s), 

n  is  the  mannings  roughness  for  the  surface  (unitless), 

L  is  the  length  of  the  zone  (m),  and 

S  is  the  zone  slope  (m  m"'). 
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Comparison  of  the  upland  runoff  duration  and  the  time  of  concentration  for  each 
of  the  zones  provides  a  measure  of  the  distance  of  movement  of  upland  surface 
runoff. 


Vertical  and  Lateral 

Subsurface 

Movement 


Subsurface  drainage  in  both  the  vertical  and  lateral  (downslope)  directions  is 
simulated  by  REMM.  Vertical  subsurface  drainage  is  simulated  as  gravitational 
drainage  between  horizons  and  as  deep  groundwater  seepage  from  the  lower 
layer.  Lateral  subsurface  processes  include  subsurface  movement  between  zones 
as  well  as  saturation  excess  seepage  flows. 


Vertical  Drainage 


jgg) 
K 


(  0  \  3  +  2fk 


{ <p; 


Vertical  unsaturated  conductivity  is  simulated  as  a  function  of  the  soil  moisture 
content  given  by  Campbell's  (1974)  equation: 


[2.10] 

where: 

9  is  the  soil  moisture  (mm), 

K(Q)  is  the  unsaturated  hydraulic  conductivity  corresponding  to  9  (mm  hr '), 

Ks  is  the  saturated  hydraulic  conductivity  (mm  hr-1), 

cp  is  porosity  (mm),  and 

X  is  defined  as  the  pore  size  distribution  index  for  the  soil  (unitless). 

The  equation  given  above  is  based  on  the  soil  moisture  characteristic  curve.  The 
shape  of  the  moisture  curve  is  included  in  the  parameter  X.  REMM  requires  that 
the  user  provide  values  of  Kp  (p,  and  X  describing  the  soil  moisture  curves.  Rawls 
and  Brakensiek  (1985)  provide  estimates  for  parameters  describing  moisture 
curves  for  different  soil  types. 


Vertical  Drainage  in 
Presence  of  a  Water 
Table 


In  the  presence  of  a  shallow  water  table,  overlying  soil  layers  are  maintained  at  a 
higher  (less  negative)  matric  potential  and  consequently  higher  soil  moisture 
contents  (assuming  that  the  soil  layers  are  in  equilibrium  with  the  water  table). 
This  phenomenon  is  more  significant  where  the  water  table  is  within  1-3  m  of 
the  soil  layer.  Assuming  that  the  soil  layer  is  in  equilibrium  with  the  water  table, 
the  matric  potential  (expressed  in  meters)  at  any  point  p  within  a  soil  layer  can  be 
approximated  by  the  height  (z)  of  the  point  above  the  water  table  (in  meters).  The 
moisture  associated  with/?  can  then  be  determined  using  z  and  the  moisture 
retention  curve  relating  matric  potential  to  the  soil  moisture  content  (based  on 


16 


■  I 


H, 


retention  curve  relating  matric  potential  to  the  soil  moisture  content  (based  on 
the  assumption  that p  is  in  equilibrium  with  the  water  table).  Using  Campbell's 
equations,  the  relation  between  the  matric  potential  and  the  soil  moisture  content 
is  given  by — 


[2.11] 


where: 

Hb  is  the  bubbling  pressure  head  for  the  soil  (mm),  and 

h  is  the  matric  potential  (mm). 


Upward  Flux  From  a 
Shallow  Water  Table 


In  the  absence  of  a  shallow  water  table,  evapotranspiration  losses  from  a  soil 
layer  are  limited  to  the  soil  moisture  conditions  within  the  soil  layer  (moisture 
loss  occurs  until  wilting  point  moisture  content  for  the  layer  is  reached). 
However,  in  the  presence  of  a  shallow  water  table  (1-3  m  below  the  soil  layer),  a 
steady  upward  flux  will  occur  from  the  water  table  to  the  soil  layer  to  replenish 
evapotranspiration  losses  from  the  layer.  This  upward  flux  occurs  in  response  to 
the  gradient  of  matric  potentials  between  the  soil  layer  and  the  surface  of  the 
water  table.  The  rate  of  upward  water  movement  is  determined  by  the  matric 
potential  gradient,  unsaturated  hydraulic  conductivity,  and  depth  of  the  water 
table  below  the  soil  layer.  This  evapotranspiration  flux  at  point/?,  at  distance  z 
above  the  water  table,  can  be  described  using  the  Darcy  Buckingham  equation 
given  by  Skaggs  (1978): 


dh 

dz 


K(h) 


+  1  [2.12] 

where: 

h  is  the  matric  potential  or  capillary  suction  (mm), 

z  is  the  distance  (in  meters)  of  the  point  from  the  water  table  (positive  upward), 

dh 

—  expresses  the  gradient  of  matric  potential, 

dz 

E  is  the  upward  flux  of  water  from  the  water  table  (mm),  and 

K(h)  is  the  unsaturated  hydraulic  conductivity  of  the  soil  layer  expressed  as  a 
function  of  the  matric  potential  h  (mm  hr"1). 

The  equation  describing  the  relation  between  h  and  K(h)  can  be  expressed  by — 
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[2.13] 


where: 

K(h)  is  the  vertical  unsaturated  conductivity  corresponding  to  soil  matric 
potential  (mm  hr_1),  and 

the  other  terms  are  as  defined  earlier. 

Equations  2.12  and  2.13  are  solved  using  numerical  procedures  to  yield  values  of 
upward  flux  corresponding  to  varying  water  table  depths  (Skaggs  1978). 


Deep  Seepage 


Vertical  drainage  of  shallow  ground  water  from  the  lower  horizon  (alluvial 
storage)  of  REMM  is  considered  deep  groundwater  seepage.  The  rate  of 
downward  movement  from  the  lower  layer  is  constrained  by  the  maximum  rate 
of  transmission  through  deeper  confining  layers.  The  potential  rate  of  deep 
seepage  is  indicated  by  saturated  conductivities  of  confining  horizons,  and 
available  estimates  are  input  by  the  user  for  each  zone. 


Lateral  Subsurface 
Movement 


Subsurface  movement  of  water  downslope  within  the  riparian  buffer  system 
(Qss.i)  *s  computed  using  Darcy's  equation: 


Qssj 


ht 

-K  *  a,  — 
'   L 


[2.14] 


where,  on  day  t: 

Kis  the  soil  hydraulic  conductivity  (m  day"1), 

a,  is  the  saturated  cross-sectional  area  of  the  soil  horizon  (m2), 

h,  is  the  difference  in  water  surface  elevations  between  two  zones  (m),  and 

L  is  the  horizontal  flow  distance,  calculated  as  the  distance  between  centers  of 
two  adjacent  zones  (m). 

Rates  of  lateral  subsurface  movement  between  zones  are  constrained  by  the 
lesser  of  the  respective  hydraulic  conductivities  for  the  donor  and  recipient  soil 
horizon  compartments.  Testing  of  REMM  has  shown  that  saturated  hydraulic 
conductivity  determined  from  well  pump  tests  is  appropriate.  If  computed  rates 
of  soil  water  movement  for  the  upslope  compartment  exceed  transmission  rates 
for  the  downslope  recipient  compartment,  the  soil  water  excess  is  accumulated  in 
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the  upslope  compartment  until  it  is  saturated.  Then  a  seep  will  occur  to  the 
surface  of  the  downslope  zone.  Subsurface  water  that  is  moved  downslope  is 
removed  from  the  appropriate  upslope  soil  layer  and  moved  to  the  lowest  soil 
layer  that  is  not  saturated  in  the  downslope  zone. 

In  addition  to  lateral  subsurface  movement  between  zones,  two  special  cases  of 
lateral  subsurface  flow  are  also  treated  by  REMM:  (1)  external  subsurface  inputs 
from  upslope  contributing  areas  and  (2)  subsurface  losses  from  the  buffer  system 
to  the  drainage  network  or  other  downslope  water  body. 

Subsurface  hydrologic  inputs  to  zone  3  from  upslope  contributing  areas  are 
provided  by  the  user.  The  REMM  hydrology  module  assumes  that  the  potential 
gradient  above  zone  3  is  equal  to  the  zone  3  surface  slope.  The  maximum 
allowable  rate  of  subsurface  movement  into  zone  3  is  then  calculated  using 
Darcy's  equation.  If  user-supplied  subsurface  inputs  to  REMM  zone  3  exceed  the 
potential  rate  of  subsurface  lateral  movement  into  the  zone  3  soil  profile  or  if  the 
volume  of  subsurface  movement  exceeds  available  storage  within  the  zone  3 
profile,  the  excess  water  is  treated  as  surface  seepage  input  to  zone  3 . 

Lateral  subsurface  losses  from  the  riparian  system  to  the  stream  or  water  body 
are  also  computed  using  Darcy's  equation.  The  potential  gradient  for  subsurface 
losses  to  the  stream  is  assumed  to  be  equal  to  the  smaller  of  the  surface  slope  of 
zone  1  and  the  gradient  from  the  water  table  elevation  at  the  midpoint  of  zone  1 
to  the  stream  thalweg.  At  this  time  the  thalweg  elevation  is  a  user  input.  A  future 
version  of  the  model  will  include  dynamic  simulation  of  the  stream  water  surface 
elevation  which  will  allow  modeling  stream  recharge  of  zone  1 . 
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Figure  2.1.  Water  movements  simulated  in  REMM 


21 


Surface 


(        Seep         J 


Subsurface 


C  Throughfall' 


•*f  Evaporation  J 
*-f  Transpiration  J 


Evaporation 


Surface 


Figure  2.2.  REMM  water  balance  components  for  a  single  zone  of  the  buffer  system 
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Chapter  3 

Hydrology:  Interception  and  Evapotranspiration 


Lee  S.  Altier  and  Randall  G.  Williams 


Summary 


Interception  and  evapotranspiration  are  the  portions  of  the  hydrologic  cycle 
which  are  largely  controlled  by  interactions  among  the  plant  community, 
precipitation  amounts  and  patterns,  and  soil  moisture  availability.  REMM 
simulates  interception  and  evapotranspiration  based  on  the  leaf  area  index  of 
the  vegetation  and  the  amount  of  water  available  for  evapotranspiration  in  the 
soil  and  stored  on  leaf  surfaces.  Evapotranspiration,  calculated  from  the 
Penman-Monteith  equation,  is  constrained  by  the  absence  of  roots  in  a  soil  layer 
and  by  appropriate  soil  factors  such  as  hydraulic  conductivity  and  wilting  point. 
Evaporation  from  the  soil  is  calculated  in  two  stages  depending  on  the  soil 
moisture  level. 


Interception 


Before  precipitation  reaches  the  soil  surface,  it  is  subject  to  interception  by  plant 
canopies  and  surface  litter.  Water  balance  computations  would  be  significantly  in 
error  if  evaporative  losses  of  intercepted  moisture  were  not  included  (Singh  and 
Szeicz  1979).  In  forested  areas,  the  Riparian  Ecosystem  Management  Model 
(REMM)  simulates  two  canopies  at  different  heights  above  the  ground  surface, 
each  comprising  one  or  more  species.  The  mass  balance  of  water  on  leaf  surfaces 
is  computed  as  a  function  of  interception  and  evaporation: 


LeafWatvct  =  LeafWatvct_x  -  LfEvapvct  +  Intyct  [3.1] 

where  for  vegetation  type  v  in  canopy  c  on  day  t: 

LeafWatvct  is  water  on  leaf  surfaces  (mm), 

LfEvapvct  is  evaporation  of  water  on  leaf  surfaces  (equation  10.35)  (mm),  and 

Intvcl  is  intercepted  moisture  (mm). 

Calculation  of  interception  losses  is  based  on  a  relationship  by  Thomas  and 
Beasley  (1986)  that  allows  some  of  the  water  during  a  rainfall  event  to  reach  the 
soil  surface,  even  if  total  precipitation  is  less  than  the  interception  capacity  of  the 
canopy.  The  equation  of  Thomas  and  Beasley  was  modified  so  that  interception 
is  not  a  linear  function  of  canopy  storage  capacity  (figure  3.1).  Rather,  for  low 
amounts  of  rainfall,  an  immature  canopy  with  a  small  leaf  area  index  will 
intercept  a  relatively  small  proportion  of  rainfall  compared  to  a  full  canopy: 


Int.. . .     --  (CanFrac.. . ,  x  CSC 


v.c.t 


v,c,t 


-  LeafWatyct_x) 
x  (1  -exp(-Precipct  x  {CSCvctl PITv)2)) 

where  for  vegetation  type  v  in  canopy  c  on  day  t: 


[3.2] 
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Intvcl  is  intercepted  moisture  (mm); 

CanFracvct  is  the  fraction  of  canopy  occupied  by  the  vegetation  type  (see  section 
on  light  in  chapter  10); 

CSCVC1  is  interception  storage,  based  on  leaf  area  index,  unadjusted  for  stand 
density  (mm); 

Precipcl  is  precipitation  (mm);  and 

PITV  is  the  potential  canopy  storage  capacity  for  the  species  at  maximum  leaf 
area  index  in  a  monocropped  stand  (mm). 

Values  for  canopy  storage  capacities  are  calculated  by — 
CSC       =  LAI    ,  x  CSR  n  31 

v,cj  v,c,t  v  lJ'JS 

PITv  =  MaxLAIv  x  CSRv  [3.4] 

where  for  vegetation  type  v: 

LAIVCI  is  leaf  area  index  in  canopy  c  on  day  t  (m2  m-2), 

MaxLAI  is  the  maximum  LAI  attainable  by  a  monocropped  stand  of  a  given 
species,  and 

CSR  is  the  canopy  storage  capacity  per  leaf  area  index  (mm). 

The  interception  storage  capacity  is  a  function  of  leaf  area  index  and  species 
(herbaceous,  conifer,  or  deciduous).  Burgy  and  Pomeroy  (1958)  measured 
interception  storage  capacities  of  1.0  to  1.2  mm  for  25-cm-tall  grass  mixtures. 
The  interception  storage  capacity  for  conifers  is  greater  than  that  for  deciduous 
trees  in  full  leaf  (Lull  1964).  Luil  suggests  that  vegetation  can  hold  from  0.25  to 
1.27  mm  of  water. 

A  more  accurate  estimate  of  interception  loss  would  include  a  factor  for 
evaporation  during  the  rainfall  event,  since  the  evaporation  occurring  from  the 
foliage  during  that  time  would  have  the  effect  of  increasing  the  total  intercepted 
moisture  (Lull  1964).  However,  with  a  daily  time  step  and  a  lack  of  data  about 
duration  of  rainfall  events  in  weather  records,  that  approach  is  not  feasible.  It  is 
assumed  that  when  snow  is  intercepted  in  the  canopy,  only  an  amount  of  water 
equal  to  Int,  is  held  in  the  canopy. 
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Available  precipitation  for  interception  in  equation  3.3  is  reduced  as  it  is 
intercepted  by  each  succeeding  canopy: 


Precipt 
Precip     =  c-\    n 

Precip,      2^h  Intcy,t 

c=\  v=l 


Upper  canopy 

[3.5] 
Lower  canopies 


As  with  the  plant  canopies,  interception  of  moisture  in  the  litter  layer  occurs  as 
incoming  water  fills  the  available  moisture  storage  capacity  of  the  litter.  Letz 
(1958)  found  that  a  5-cm  layer  of  undecomposed  pine  needles  (dry  weight  =  9.64 
Mg  ha ')  could  hold  about  0.8  cm  of  moisture.  The  storage  capacity  of  the  litter 
is  defined  as  the  sum  of  the  capacities  of  its  component  materials: 


)capt  -  2.5  {CRes,  x  wCapns  +  CHum,  *  WCaphJ 

+  Mineral,  *\0*xFCLyrl/BDMinemll         .  [3'6] 

where 

in  the  litter  layer  on  day  t: 

0     ,  is  the  water  content  at  full  capacity  (mm); 

2.5  converts  the  weight  of  carbon  to  weight  of  biomass  (assumed  ratio  of  0.4); 

WCapres  and  WCaphum  are  water  holding  capacities  for  residue  and  humus, 
respectively  (mm  kg"1  biomass); 

CRes,  and  CHum,  are  carbon  in  residue  and  humus  material,  respectively 
(kg  ha"1); 

Mineral,  is  mineral  material  (kg  ha-1); 

BDMmeraU  is  bulk  density  of  mineral  material  (kg  m^3);  and 

FCLyrl  is  field  capacity  of  soil  in  layer  1  (mm). 

All  of  the  throughfall  remaining  after  canopy  interception,  as  well  as  incoming 
surface  runoff,  are  assumed  to  be  available  for  filling  the  moisture  storage 
capacity  of  the  litter  layer.  The  incoming  water  is  assumed  to  mix  completely 
with  the  litter,  so  that  there  is  no  vertical  drainage  to  the  upper  soil  layer  until  the 
litter  layer  capacity  is  filled.  All  incoming  water  in  excess  of  storage  capacity  is 
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assumed  to  move  out  of  the  litter  immediately,  either  by  infiltrating  into  the  soil 
or  as  runoff  into  the  next  zone.  Because  of  relatively  large  spaces  within  litter 
material,  it  is  assumed  that  there  is  no  subsequent  gravitational  drainage  out  of 
the  litter. 


Evapotranspiration        In  REMM,  potential  evapotranspiration  is  computed  using  the  Penman-Monteith 

equation.  Evapotranspiration  simulations  are  distinguished  into  two  stages.  If 
previously  intercepted  water  is  available  on  the  vegetative  canopy,  evaporation 
of  the  intercepted  water  occurs  first  and  transpiration  losses  do  not  occur.  This 
represents  the  first  stage  of  the  simulation.  During  the  first  stage,  all  of  the 
radiant  energy  is  used  to  evaporate  intercepted  water.  Transpiration  is  assumed  to 
occur  only  after  all  moisture  on  the  plant  leaves  has  been  evaporated.  The  leaf 
moisture  balance  is  a  function  of  interception  and  evaporation: 

LeafWatvct  =  LeafWatvct_x  +  Intvct  -  ELvsvcl  [3.7] 

where  for  vegetation  v  of  canopy  c  on  day  t: 
LeqfWatvct  is  moisture  on  leaf  surfaces  (mm),  and 
ELvsvcl  is  evaporation  of  leaf  surface  moisture  (mm). 

Evaporation  of  moisture  from  leaves  (Ehs)  is  based  on  estimates  of  potential  leaf 
transpiration: 


0 

LeajWat    ,  ,   +■  Int       -  PLE    , 

J  v,c,t-\  v,c,t  v,c,t 


Eivs,c,v,t  =  Maximum  of  \  T _m/„t         x  r„,       _  DT  r  [3.8] 


where: 

PLEVC[  is  potential  leaf  surface  evaporation  from  vegetation  v  in  canopy  c  on 
day  t. 

Potential  leaf  evaporation  PLEvct  (mm  day"1)  is  then  given  by  (Running  and 
Coughlan  1988)— 


LAI    , 
PLE. 


v,c,/ 


LTt 


Slopet 

X 

NRad 

cv, 

x  10"3 

+  PAt 

x   CP   x 

VPD~ 

M^,t 

Slope  t 

+v< 

[3.9] 
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where: 

NRadvc,  is  the  net  radiation  (kJ  m"2  day"1), 

LAIvct  is  the  canopy  leaf  area  index  on  day  t, 

LT,  is  the  latent  heat  of  vaporization  (MJ  kg"1), 

Slope,  is  the  slope  of  the  saturation  vapor  pressure  curve  (kPa  °C_1), 

y,  is  the  psychrometric  constant  (kPa), 

RAVC,  is  the  aerodynamic  resistance  (s  rrf '), 

PA,  is  the  air  density  (kg  m"3), 

VPD,  is  the  vapor  pressure  deficit  (kPa),  and 

CP  is  the  specific  heat  of  air  at  constant  pressure,  taken  as  1.01  kJ  kg"1  K"1. 

While  computing  potential  evaporation  the  stomatal  resistance  term  in  the 
Penman-Monteith  equation  is  neglected  and  assumed  to  be  0.  Psychrometric 
constant  y,  (kPa)  is  given  by — 


y    -  0.1  [0.646  +  0.0006  x  TAir.     1 

where: 

TAirAvel  is  the  daily  average  temperature  (°C). 

Latent  heat  of  vaporization  LT,  (MJ  kg"1)  is— 


[3.10] 


LTt  =  2.501   -  0.0024  x  TAirAyet 


[3.11] 


Aerodynamic  resistance  RAvct  (s  m  ')  is  computed  using- 


RA 


In 


1  h    +  2  -  0.67/*  ^ 


0.123/2 


x  In 


(  h    +  2  -  0.67/z  ^ 

V  V 

0.0123/2 


[3.12] 


v,c,t 


0.412  U 

r 

where: 

hv  is  the  vegetation  height  (m),  and 

Ur  is  the  wind  velocity  for  the  day  (m  s_1). 

Air  density  PA,  (kg  m"3)  is  given  by — 
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PAt  =  1.292  -  0.00428  x  TAirAveJ 


[3.13] 


Slope  of  the  saturation  vapor  pressure  curve  Slope  ,  (kPa  °C   )  is  given  by 


Slope  t 


4098  ES. 


237  +  TAir 


[3.14] 


Ave,t 

where: 

ES,  is  the  saturation  vapor  pressure  (kPa)  given  by- 

17.27  TAirAve, 


ES.  =  0.6108  e  2313+TA'r^-> 


[3.15] 


The  saturation  vapor  pressure  EStdew  at  dew  point  temperature  Tdew  (°C)  is 
computed  by — 


EStdew  =  0.6108  e 


17.27  Tdew 
2313  +  Tdew 


[3.16] 


The  vapor  pressure  deficit  VPD,  (kPa)  is  then  given  by- 


VPDt  =  ESt  -  EStdew 

Absolute  humidity  deficit  (ABSHD)  is  computed  using — 

ABSHDt  =  0.000217  VPDt  x  10.0  x  (TAirAvet  +  273.16) 

During  the  second  stage,  potential  plant  transpiration  PTVCI  (mm  day-1)  is 
computed  using — 


[3.17] 


[3.18] 
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x  NRad    ,  x  10"3 
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RA     , 
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Slope  t  +  yt  x 
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1   +        v<c'' 

RA    , 

[3.19] 


where: 

RSvct  is  the  stomatal  resistance  (s  m" '). 

The  energy  required  for  evaporation  of  intercepted  moisture  on  the  plant  canopy 
decreases  energy  that  would  otherwise  drive  transpiration  (Lull  1964).  Net 
potential  transpiration  is  determined  after  reducing  potential  transpiration  by  a 


2S 


proportion  of  leaf  surface  evaporation.  If  moisture  on  the  plant  leaves  is  greater 
than  PLE   „  there  will  be  no  transpiration  on  that  day: 


NetPT 


PT    ,  x 


1  - 


LeafWatv  c  t 


PLE 


v,c,t      j 


LeajWat    ,  >  PLE    , 


PLE    ,  >  Lea/Wat    , 

v,c,t  J  v,c,/ 


[3.20] 


where  in  canopy  c  for  vegetation  type  v  on  day  t: 

NetPTvcl  is  net  potential  transpiration  after  evaporation  of  intercepted  moisture 
on  plant  canopy  (mm),  and 

PTvcl  is  estimate  of  potential  transpiration  before  taking  into  account  the 
evaporation  of  intercepted  leaf  moisture  (mm). 


Actual  transpiration  is  limited  by  the  availability  of  moisture  in  the  soil  and 
competition  among  the  roots  of  the  various  plant  types  present.  Transpiration 
losses  from  each  soil  layer  are  determined  by  proportions  of  root  masses  and  the 
soil  hydraulic  conductivity  as  discussed  in  the  following  section. 


Root  Distribution 
and  Water  Uptake 


Whitehead  and  Jarvis  (1981)  pointed  out  that  when  soil  water  content  is  high, 
plant  uptake  of  water  from  different  soil  layers  is  a  function  of  root  distribution. 
As  the  soil  dries,  water  extraction  depends  on  both  the  root  distribution  and  soil 
water  content.  Ritchie  (1973)  noted  that  when  moisture  has  been  depleted  from 
an  upper  layer  of  soil,  roots  in  deeper  layers  can  maintain  transpiration  at  poten- 
tial rates  if  water  is  sufficient  at  deeper  depths.  Measurements  of  transpiration  in 
Pinus  sylvestris  by  Rutter  (1967)  indicated  that  even  a  small  proportion  of  deep 
roots  reaching  water  may  be  sufficient  to  prevent  moisture  stress. 

Available  moisture  in  soil  layers  is  partitioned  among  the  roots  of  each  plant  type 
according  to  equation  3.21.  Water  uptake  is  allocated  among  the  soil  layers  from 
the  surface  downward.  The  maximum  rate  of  water  uptake  from  a  layer  is  limited 
by  its  hydraulic  conductivity,  which  corresponds  to  the  soil  moisture  from  the 
previous  day.  This  allows  any  excess  demand  that  is  not  realized  by  a  layer  to  be 
transferred  to  the  layer  below.  Water  uptake  by  each  plant  type  from  a  given  soil 
layer  is  determined  by  multiplying  available  water  by  the  proportion  of  total 
demand  allocated  for  that  plant  type  and  soil  layer  combination: 
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WUptkv   .    -  Minimum  of  < 


0        x  _ 

Aj,t  m      n 


RPotTransvc     x  AdjMRFvc 


CJ, 


[3.21] 


£  £  {RPotTransvcjt  x  AdjMRFvcjt) 


v=l  c=l 


where,  for  day  t: 

WUptk     ,  is  water  uptake  by  vegetation  v  in  canopy  c  from  soil  layer/'  (mm), 

K(6)j,  is  soil  hydraulic  conductivity  defined  by  Campbell's  equation  for  soil  layer 
j  (mm), 

RPotTransVCJt  is  remaining  potential  transpiration  demand  by  vegetation  v  in 
canopy  c  from  soil  layer/  after  water  has  been  taken  up  from  the  upper  soil 
layers  (mm),  and 

AdjMRF  ,  is  a  moisture  factor  adjusted  for  the  fraction  of  the  root  mass  of 
vegetation  v  from  canopy  c  in  soil  layer/'  relative  to  its  roots  in  the  other 
layers  and  relative  to  all  other  roots  in  layer/  (0-1  scalar). 

6Ajl  is  available  water  in  soil  layer/  (mm): 


AJ,t 


0 

e„  - 


wp 


[3.22] 


where: 

0jt  is  soil  water  in  soil  layer/  on  day  t,  (mm),  and 

6WP  is  soil  water  content  at  wilting  point  (mm). 

So,  for  the  first  soil  layer  below  the  surface,  the  transpiration  demand  for  a  given 
plant  type  is  equivalent  to  the  total  transpiration  potential  of  that  plant  type.  In 
succeeding  layers,  RPotTrans  is  reduced  by  the  sum  of  uptake  by  all  vegetation 
from  upper  layers: 


NetPTvct 
RPotTransvcjt  ■■ 


NetPTw  -  E  wuPtku 

7  =  1 


Layer  1 
Layers  2,3 


[3.23] 
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The  appropriate  proportions  of  total  water  uptake  demand  are  calculated  as  a 
function  of  a  moisture  factor  adjusted  for  root  mass  fractions: 


AdjMRFvcjJ  -  MRFvcjt  *  RFLvcjl  I  £  £  (MRFvcjJ  x  tfFZ^ ,)  [3.24] 

v=l  c=l 


MJtfV,  =  MFjt  x  tfF^,  /  £  (MF  ,  x  i?FK^)  [3.25] 

where,  on  day  f: 

MRF  vcjtl  is  a  moisture  factor  adjusted  for  the  fraction  of  the  root  mass  of 

vegetation  v  of  canopy  c  in  layer/  relative  to  its  roots  in  the  other  layers  (0-1 
scalar), 

RFV     .,  is  the  fraction  of  the  root  mass  of  vegetation  v  in  canopy  c  that  is  in  soil 
layer/  relative  to  all  other  roots  in  layer/, 

MFJt  is  a  moisture  factor  for  layer/  (0-1  scalar),  and 

RFL     -t  is  the  fraction  of  the  root  mass  of  vegetation  v  in  canopy  c  that  is  in  soil 
layer/  relative  to  its  roots  in  the  other  layers. 

The  soil  moisture  factor  (MF)  represents  the  decreasing  rate  of  transpiration  that 
occurs  as  soil  dries  out  (Hanks  and  Ashcroft  1980).  It  would  be  desirable  to  have 
this  factor  change  during  each  day  as  evapotranspiration  withdraws  moisture 
from  the  soil  layers,  since  it  represents  the  influence  of  stomatal  activity  as  well 
as  rates  of  moisture  diffusion  to  the  roots.  However,  with  a  daily  time  step,  it  is 
calculated  as  a  function  of  soil  moisture  status  at  the  end  of  the  previous  day. 
The  following  relationship  was  used  in  the  model  as  an  approximation 
(Kanemasu  et  al.  1976): 

MFjJ  -  Minimum  rf {^  _  ^  ,  ^^  .  ^  [3.26] 

where: 

<9,_,  is  soil  moisture  at  the  end  of  day  t-\  (mm); 
6WP  is  soil  moisture  at  wilting  point  (mm), 
0FC  is  soil  moisture  at  field  capacity  (mm),  and 
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D  is  a  factor  specific  to  the  soil  type  that  determines  the  influence  of  limiting  soil 
water  on  evapotranspiration  loss. 


Litter  and  Soil 
Evaporation 

PLitE.  =  - 


Potential  litter  evaporation  PLitE  (mm  day  ')  is- 


PA,  x  CP  x  VPD,' 

<\1nnr      v     \rRnrl            v     1  fT3     + 

1 

blopet    •  HKaalitter  ■■  iu                    100  00 

LTt 

S/ope,  +  Y, 

[3.27] 


where: 

NRadlnler  is  the  radiation  reaching  the  litter  surface  (kJ  m"2  day-1). 

The  actual  litter  evaporation  Eltrt  though  is  limited  by  the  moisture  stored  in  the 
litter  and  is  given  by — 


ET,     =  Minimum  of 

Ltr.t 


I  PLitE, 

\QLtr,t-l 


[3.28] 


Potential  soil  evaporation  PSEsl  (mm  day  ')  is- 


PSE 


s,t 


,       PA,  x  CP  x  VPD,' 

^llnnr     v    NRnd        v    10"3    + 

1 

^w'           "*w,/                          100.00 

LTt 

Slope  t  +  yt 

[3.29] 


where: 

NRads0ll  is  the  radiation  reaching  the  soil  surface  (kJ  m-2  day-1). 

The  radiation  reaching  the  soil  surface  is  computed  by  multiplying  the  radiation 
reaching  the  litter  surface  by  a  litter  blocking  factor. 

On  each  day,  evaporative  losses  are  removed  only  from  the  litter  layer  and  upper 
soil  layer.  Based  on  studies  by  Gardner  and  Hillel  (1962),  evaporation  from  the 
soil  is  calculated  in  two  stages.  During  conditions  of  high  soil  moisture  content 
(stage  1 ),  evaporation  from  the  soil  surface  is  limited  only  by  the  energy  reaching 
the  soil,  and  evaporation  will  equal  potential  evaporation  (Bond  and  Willis 
1970).  This  stage  is  represented  by  equation  3.30a: 
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where: 

Esl  is  evaporation  from  the  upper  soil  layer  on  day  t  (mm), 

6S2  is  soil  moisture  content  at  the  beginning  of  stage  2  evaporation  (mm), 

as  is  a  coefficient  related  to  hydrologic  properties  of  the  soil,  and 

/  is  a  coefficient  related  to  the  stage  of  evaporation. 

As  soil  dries,  the  rate  of  moisture  diffusion  can  reduce  evaporation  from  the  soil 
surface.  The  second  stage  of  evaporation  begins  when  the  potential  evaporation 
rate  exceeds  the  rate  of  diffusion  through  the  soil.  For  days  when  there  is  a 
transition  from  stage  1  to  stage  2,  evaporation  is  calculated  as  in  equation  3.30b 
(Ritchie  1972).  At  this  point,  evaporation  depends  largely  on  properties  of  the 
soil  rather  than  on  potential  evapotranspiration.  However,  the  rate  of  evaporation 
is  not  allowed  to  exceed  that  of  potential  evaporation.  Calculation  of  evaporation 
during  stage  2  (equation  3.30c)  is  based  on  a  time-dependent  relationship 
determined  from  studies  of  evaporation  from  bare  soil  (Black  et  al.  1969,  Ritchie 
1972). 

Using  the  approach  from  Smith  and  Williams  (1980),  the  cutoff  between  stage  1 
and  stage  2  evaporation  is  defined  by— 


[3.31] 


where: 


U  is  the  reduction  in  soil  moisture  below  field  capacity  that  can  occur  before  the 
rate  of  diffusion  inhibits  evaporation  from  the  soil  surface  (mm): 


U  =  9(a  -3) 


0.42 


[3.32] 


Ritchie  (1972)  pointed  out  that  as  values  are  approximately  proportional  to 
measured  values  of  hydraulic  conductivity  of  soil  at  -0.01  MPa  soil  matric 
potential  (table  3.1). 
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The  value  of/  in  equation  3.30c  represents  a  time  factor  corresponding  to 
cumulative  evaporation  during  stage  2  (Black  et  al.  1969).  For  the  purposes  of 
REMM,  where  the  moisture  status  of  the  soil  is  simulated  as  the  net  effect  of 
several  pathways,  the  value  of  i  is  interpreted  as  being  a  function  of  the  total 
upper  soil  layer  water  deficit  below  the  cutoff  for  stage  2: 


GS2  "  e, 


\2 


a 


[3.33] 
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Table  3.1.  Hydrologic  characteristics  of  several  representative  soils 


Soil 


K* 

(cm  day"1) 


(mm) 


a, 


Reference 


Adelanto  clay  loam 

0.15 

12 

5.08 

Van  Bavel  et  al.  1968 

Yolo  loam 

0.10 

9 

4.04 

LaRueetal.  1968 

Houston  black  clay 

0.06 

6 

3.50 

Ritchie  1972 

Plainfield  sand 

0.05 

6 

3.34 

Black  etal.  1969 

*  Hydraulic  conductivity  at  -0.1  bar  soil  matric  potential. 
1  Limit  of  stage  1  evaporation  below  field  capacity. 

1  Coefficient  for  stage  2  evaporation.  For  the  range  of  hydraulic  conductivities  represented  here, 

as  =  2.44+ 1.72  K. 

Source:  Ritchie  1972 


0.1  0.2  0.3  0.4  0.5  0.6  0.7 

Canopy  Storage  Capacity  (mm) 


0.8 


0.9 


Figure  3.1.  Relationship  between  interception  and  rainfall  for  vegetation  with  a  potential  interception 
storage  capacity  of  1  mm 
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Chapter  4 
Sediment  Transport 


David  D.  Bosch,  Randall  G.  Williams,  Shreeram  P.  Inamdar,  Lee  S.  Altier  and 
Richard  Lowrance 

Summary  Sediment  transport  through  a  riparian  ecosystem  buffer  is  controlled  by  the 

energy  available  in  running  water  to  move  soil  particles.  REMM  explicitly 
simulates  the  transport  phenomena  in  channel  and  overland  flow  areas. 
Sediment  transport  processes  simulated  include  erosion,  transport,  and 
deposition.  For  a  given  zone  of  the  three-zone  buffer,  if  sediment  load  is  greater 
than  transport  capacity,  deposition  will  occur.  If  sediment  load  is  less  than 
transport  capacity,  then  erosion  will  occur.  Because  of  the  roughness  of  the 
surface  of  riparian  buffers,  it  is  assumed  that  sediment  transport  is  primarily  of 
suspended  particles.  Sediment  enrichment  ratios  for  a  zone  are  calculated  based 
on  the  specific  surface  area  of  the  incoming  and  outgoing  sediment  and  are 
applied  to  the  transport  of  sediment-bound  chemicals  in  later  chapters. 

The  Riparian  Ecosystem  Management  Model  (REMM)  explicitly  simulates 
sediment  phenomena  in  channel  and  overland  flow  areas.  Figure  4. 1  illustrates 
the  scheme  used  to  delineate  concentrated  flow  and  overland  flow  areas  in 
REMM.  The  number  of  channels  across  a  given  zone  width  is  a  user  input. 
Channel  shape  is  assumed  to  be  triangular  and  is  constant  for  the  length  of  the 
zone.  This  shape  is  determined  by  the  channel  side  slope  (which  also  is  the 
overland  flow  area  slope),  which  is  a  user  input.  Channel  length  is  the  same  as 
the  zone  length.  Channel  slope  and  the  zone  slope  are  identical.  Overland  flow 
areas  are  areas  that  lie  between  adjacent  channels.  The  size  of  overland  flow 
areas  is  decided  by  the  zone  width  and  the  number  of  channels.  Overland  flow 
areas  slope  toward  the  channels,  with  the  overland  flow  area  slope  (or  channel 
side  slope)  being  a  user  input. 

Sediment  processes  that  are  simulated  include  erosion,  transport,  and  deposition. 
Erosion  in  overland  flow  areas  is  assumed  to  occur  as  a  result  of  rainfall  impact 
and  erosive  forces  associated  with  shallow  overland  flow  or  sheet  runoff. 
Sediment  delivered  to  channel  areas  from  overland  flow  areas  is  then  either 
transported  downslope  or  deposited  in  the  channels.  Sediment  deposition  or 
transport  in  channels  is  decided  based  on  the  transport  capacity  of  concentrated 
or  channel  flow.  In  addition  to  the  possibility  of  sediment  being  generated  within 
the  riparian  area  by  erosion,  sediment  loadings  to  the  buffer  from  upland  areas 
are  also  considered.  Upland  loadings  are  assumed  to  be  provided  as  an  input  to 
REMM.  The  user  is  expected  to  generate  upland  loadings  using  an  upland  field 
model  or  to  use  estimates  or  empirical  data.  The  steady-state  sediment  continuity 
equation  is  used  to  route  sediment  within  channels  and  down  the  riparian  slope. 
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Overland  Flow 
Erosion 


Sediment  loading  from  upland  areas  and  that  generated  by  overland  flow  erosion 
is  assumed  to  be  distributed  in  five  discrete  classes  of  particle  size:  sand,  large 
aggregate,  small  aggregate,  silt,  and  clay.  Each  class  is  defined  by  a  fixed 
uniform  particle  diameter  (table  4.1).  Sediment  erosion,  transport,  deposition, 
and  routing  is  performed  for  each  class.  Sediment  mass  within  each  particle  class 
for  upland  loading  is  a  user-defined  input.  For  overland  flow  erosion,  sediment 
mass  in  each  particle  class  is  based  on  the  primary  particle  size  distribution  in  the 
parent  soil.  The  following  sections  describe  each  of  these  processes  in  detail. 

Overland  flow  erosion  is  computed  using  the  Universal  Soil  Loss  Equation  and 
is  given  by — 


A .  =  R    x  K   x  c. .  x  LS.  x  P. 


[4.1] 


where,  for  zone  i: 

A,  is  the  sediment  yield  (ton  acre"1  day"1), 

R,  is  the  rainfall  erosivity  (hundreds  of  foot-tons  *  inch  x  acre"1  x  hour"1  x  day"1), 


K,  is  the  soil  erodibility  factor  (ton  x  acre  x  hour  x  hundreds  of  acre  foot-tonf 
inch"1)1, 

C,  is  the  cover  and  management  factor, 

LS,  is  the  topographic  factor, 

P,  is  the  support  practice  factor. 

K,  is  estimated  using  the  following  equation  (Wischmeier  and  Smith  1978): 


•-1 


K=TF'.+SF'.+PF' 


[4.2] 


where: 

SF',  is  a  soil  structure  factor, 

PF\  is  a  soil  permeability  factor,  and 

TF'j  is  a  soil  texture  factor,  given  as — 

TF'=2.\((VFS!  +  S/.)(100  -  CI.))1 14  x  1(T6  x  (12  -  OM) 

where: 


[4.3] 


VFS,  is  the  percentage  of  very  fine  sand  (assumed  to  be  one-half  of  the  sand 
fraction), 


:^k 


SI,  is  the  percentage  of  silt, 

CL,  is  the  percentage  of  clay,  and 

OMt  is  the  percentage  of  organic  matter. 

SF',  is  determined  as — 

3.25(SF   -  2) 

SF'= ; [4.4] 

100  L      J 

where: 

SF,  is  based  on  soil  structure:  1  for  very  fine  granular;  2  for  fine  granular;  3  for 
medium  or  coarse  granular,  and  4  for  blocky,  platy,  or  massive. 

PF'i  is  determined  as — 

2.5(PF   -  3) 

PF'.= '- [4.5] 

100  L      J 

where: 

PF,  represents  the  permeability  class:  1  for  rapid,  2  for  moderate  to  rapid,  3  for 
moderate,  4  for  slow  to  moderate,  5  for  slow,  and  6  for  very  slow. 

The  topographic  factor  LS,  is  a  user  input  for  each  zone  and  can  be  found  in 
Wischmeier  and  Smith  (1978).  Procedures  presented  in  Dissmeyer  and  Foster 
(1984)  are  used  to  determine  C,  and  Pr  The  cover  management  factor  is 
determined  as  the  product  of  several  factors  that  define  various  forest  conditions. 

C,  is  given  as — 

CrCBs,  x  Cc,  x  Crc,  x  Cho,  x  Civ,  x  Crb,  x  Cs,  [4.6] 

where  the  cover  management  subfactors  are — 

CBS  for  bare  soil, 

Cs  for  plant  canopy, 

CRC  for  soil  reconsolidation, 

CH0  for  high  organic  matter, 

CIV  for  invading  vegetation, 

C^  for  residue  binding,  and 
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Cs  for  the  effect  of  steps  in  the  slope. 

The  factors  for  bare  soil,  reconsolidation,  and  residue  binding  are  combined  into 
one  parameter  determined  as — 


r         =C      x  r       x  C 

^Combi,    ^BS,         ^RC,         ^RB, 


[4.7] 


where  CCombj  for  untitled  soils  IS- 


C' 


[a+(b((%BS-c)2))]  x  [d+(e(%BSFR-j)2)] 


Combi, 


J 


[4.8] 


where: 

^ Combi  *s  constrained  to  be  less  than  or  equal  to  0.45, 

%BS,  is  percentage  of  bare  soil, 

%BSFR,  is  percentage  of  bare  soil  having  a  dense  mat  of  fine  roots  in  top  3  cm  of 
soil, 

a  is  equal  to  0.005678, 

6is3.4552xl0"5, 

c  is -9.555, 

d  is  0.08373, 

eis2.6014xl0"5, 

/is  11 9.2634,  and 

j  is  0.45. 

For  conditions  where  tillage  has  occurred  within  the  previous  72  months,  is 
determined  as — 


C 


[a+(b(%BSi  -c)2)]  [d(%TSTreY  ] 


Comb  i. 


J 


[4.9] 


where  the  coefficients  are  given  in  table  4.2. 
The  canopy  subfactor  ( Cr  )  is  defined  as — 
Cc  =1  -%BSCC[\  -[(k+(l(CH-3A)))/\00]] 


[4.10] 
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c 


HO. 


1.0 


0.7 


where: 

%BSCC,  is  percentage  of  bare  soil  with  canopy  cover, 

CH,  is  cover  height  (m), 

A:  is  0.8465,  and 

/  is  0.2409  for  CH,  less  than  3.4  or  0.00936  for  CH,  greater  than  or  equal  to  3.4. 

The  effect  of  high  organic  matter  (CH0)  is  given  as — 


OMM.O 
OM>4.0 


[4.11] 


The  effect  of  the  fine  roots  of  invading  plants  on  the  cover  factor  {C]V  )  is — 

Cjy  =0. 1 870 1  +0.00005408(%£SJ^F#  - 1 22.6207)2  [4  ]  2] 

where: 

%BSWFR,  is  percentage  of  bare  soil  with  fine  roots. 

The  effect  of  steps  in  the  slope  {Cs  )  is — 

Cs  =  1  -%7SS  [1  -[(a(%S-b)c)/ 1 00]]  [4. 1 3] 

where: 

%TSS,  is  the  percentage  total  slope  in  steps, 

%S,  is  percentage  slope, 

a  is  67.8003, 

b  is  -3.3461,  and 

c  is  -2.0272. 

P,  indicates  the  degree  of  contour  tillage  for  forest  re-establishment  and  is  a 
function  of  slope  (table  4.3). 
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Sediment  Mass  in 
Each  Particle  Size 
Class  of  Eroded 
Sediment 


Sediment  generated  by  overland  flow  erosion  is  assumed  to  be  distributed  within 
five  discrete  classes  of  particle  size  that  are  a  mixture  of  primary  particles  and 
aggregates.  The  five  classes,  as  mentioned  earlier,  are  sand,  large  aggregate, 
small  aggregate,  silt,  and  clay.  The  fraction  of  total  eroded  sediment  mass  within 
each  of  these  five  classes  is  determined  using  the  approach  of  Foster  et  al. 
(1985).  These  equations  describe  the  composition  of  sediment  as  a  function  of 
the  dis-tribution  of  primary  particles  in  the  soil  matrix.  The  equations  describe 
sediment  from  overland  flow  and  channel  erosion  (process  1  in  figure  4.2).  For  a 
complete  description  of  the  equations  and  the  procedures,  the  reader  is  referred 
to  Wischmeier  and  Smith  (1978)  and  to  Foster  et  al.  (1985). 


Sediment  Delivery 
From  Overland  Flow 
Areas  to  Channels 


Procedures  described  above  describe  the  composition  of  sediment  at  the  point  of 
delivery  to  a  channel  (Foster  et  al.  1985).  As  sediment  is  transported  from 
overland  flow  areas  to  channels,  the  coarser  fractions  of  the  sediment  tend  to  get 
deposited  (process  2  in  figure  4.2).  Thus,  when  sediment  reaches  the  channel,  it 
is  composed  of  a  greater  fraction  of  fines  compared  to  that  present  at  the  point  of 
detachment.  Foster  (1982)  developed  a  simple  procedure  to  estimate  the  delivery 
processes  and  the  associated  change  in  particle  size  distribution.  He  computed 
the  overland  flow  delivery  of  the  various  particle  size  fractions  as  a  function  of 
the  overland  flow  area  surface  roughness.  The  coefficients  he  developed  to 
compute  the  fractions  of  various  particle  types  passing  through  overland  flow 
area  roughness  depressions  are  provided  in  table  4.4. 


Sediment  Transport 
and  Deposition  in 
Channels 


Sediment  Routing 


The  total  sediment  load  reaching  the  channel  is  computed  as  a  sum  of  erosion 
from  contributing  overland  flow  areas  and  from  upslope  channels.  Sediment  de- 
position is  assumed  to  occur  when  the  total  sediment  load  exceeds  the  sediment 
transport  capacity  of  the  flow.  If  sediment  load  is  less  than  the  transport  capacity, 
all  of  it  is  assumed  to  be  transported  downslope.  Channel  erosion  or  detachment 
is  not  simulated  in  the  model.  Sediment  load  computations  are  performed  for 
each  of  the  five  particle  classes.  The  method  used  for  sediment  routing  uses 
equations  developed  by  Foster  et  al.  (1980,  1981)  and  Lane  (1982)  and  is  applied 
in  the  AGNPS  model  (Young  et  al.  1989).  An  overview  of  the  method  is 
provided  here,  and  a  more  detailed  presentation  is  made  in  Young  et  al.  (1989). 
Computations  are  based  on  the  sediment  conditions  at  the  upslope  entry  point 
(point  0)  and  the  downslope  exit  point  of  the  channel  reach.  Here,  the  channel 
reach  is  defined  by  the  length  of  the  zone  under  consideration.  The  steady  state 
continuity  equation  used  to  compute  sediment  at  the  downslope  edge  is — 
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Q&)=Qs(0)+Qsl 


L 


X 

■fa 


)Wdx 


[4.14] 


where: 

Qs(x)  is  the  sediment  discharge  at  the  downstream  end  of  the  channel  reach 
(kgs-1), 

Qs(0)  is  the  sediment  discharge  at  the  upstream  end  of  the  channel  reach  (kg  s"1), 

Qsl  is  the  lateral  sediment  inflow  rate  (kg  s_1), 

dx  is  the  downslope  distance  (m), 

L  is  the  reach  length  (m), 

Dfx)  is  the  sediment  deposition  rate  at  point  x  (kg  s_1  m~2),  and 

Wis  the  channel  width  (m). 

Following  the  procedure  outlined  in  Young  et  al.  (1989),  the  sediment  load  being 
transported  from  each  zone  for  individual  particle  size  classes  can  be 
determined: 


QM- 


2q(x) 


2q(x)  +  Ax  x  Vsi 


W  *  Ax 


V 


q(0) 


'-  ><    \qM  ~g\(0)     ~ 


q(x) 


[4.15] 


where: 

Qs(x)is  the  particle  class  i  discharge  at  the  zone  outlet  (kg  s"1), 

q(x)  is  the  water  discharge  per  unit  width  at  exiting  the  zone  (m3  s"1  m_1), 

Ax  is  the  channel  length  (m), 

V   is  the  particle  class  i  fall  velocity  (m  s"1), 

ssi 

Q  (0)is  the  particle  class  i  input  to  the  zone  (kg  s"1), 

q(Q)  is  the  water  discharge  per  unit  width  entering  the  zone  (m3  s"1  m"1), 

q  (0)is  the  per-unit-width  particle  class  i  entering  the  zone  (kg  s"1  m"1), 
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Sediment 
Deposition 

V 


g  *s  (0)  is  the  particle  transport  capacity  into  the  zone  (kg  s  '  m  '), 

g  *  (x)is  the  particle  transport  capacity  exiting  the  zone  (kg  s~l  nT1)  and 

Qsl  is  the  lateral  particle  inflow  rate  to  the  channel  (kg  s"1). 

If  sediment  load  is  greater  than  the  transport  capacity,  then  deposition  occurs, 
given  by — 


D(x)=—±[q(x)  ~  g\(x)] 


q(x) 


[4.16] 


This  deposition  equation  is  based  on  the  assumption  that  deposition  occurs  only 
by  discrete  settling.  Trapping  of  sediment  particles  by  infiltration  or  physical 
entrapment  in  grass  media  or  surface  litter  is  not  simulated. 


Transport  Capacity 


The  effective  transport  capacity  for  each  particle  class  (g  *   )  is  computed  using 
a  modification  of  the  Bagnold  stream  power  equation  (Bagnold  1966)  used  in 
AGNPS  (Young  et  al.  1989): 


v: 


g  .   =  r|;KT- 


[4.17] 


k  =  e(\   -  e.) 


where: 

S  5,  is  the  sediment  transport  capacity  (kg  m"1  s"1)  for  particle  class  i, 

rj,  is  an  effective  transport  factor, 

k  is  the  transport  capacity  factor, 

t  is  flow  shear  stress  (Pa), 

Vc  is  the  flow  velocity  (m  s_1),  and 

Vss  is  the  particle  settling  velocity  (m  s"1). 

The  transport  capacity  factor  is  given  by — 


V     J' 


[4.18] 


where: 
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eb  is  the  bedload  transport  efficiency, 
es  is  the  suspended  load  transport  efficiency, 
ys  is  the  sediment  specific  weight  (kg-3),  and 
yw  is  the  specific  weight  of  water  (kg  m"3). 

The  combined  efficiency  term  es(l-eb)  was  found  to  be  0.01  for  sands  (Simons 
and  Senturk  1976).  To  adjust  this  term  for  other  particle  sizes,  Young  et  al. 
(1989)  introduced  the  term  r|: 

1,„  ■  0.745,;"*  [4-19] 

where: 
Efis  an  entrainment  function  given  by  Simons  and  Senturk  (1976): 

h "  ^J4  [4-20] 

where: 

dl  is  the  average  particle  size  diameter. 

In  using  Bagnold's  stream  power  equation,  it  is  assumed  that  sediment  transport 
primarily  occurs  in  suspension  and  there  is  no  bedload  transport  along  the 
channel.  This  assumption  is  justified  considering  the  rough  surface  created  by 
litter  in  riparian  areas.  Similar  to  most  sediment  transport  equations,  Bagnold's 
equation  was  originally  developed  to  represent  transport  capacity  for  sediment 
composed  of  a  single  uniform  particle  size.  Hirschi  and  Barfield  (1986)  proposed 
a  procedure  to  account  for  sediment  composed  of  a  number  of  particle  size 
classes  of  varying  particle  diameters: 

•     Compute  transport  capacity  g  *    using  the  transport  equation  for  each 
individual  particle  class. 


Determine  the  sum  of  transport  capacities  22  S*  s  .•>  wnere  nP  is  me  number 
of  particle  classes  in  the  sediment  mixture. 


np 

E 

;  =  1 


Determine  d65  for  the  mixture — the  particle  diameter  for  which  65  percent  of 
the  sediment  is  finer. 

Compute  transport  capacity  g*x65  corresponding  to  d65  using  the  transport 
equation. 
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The  transport  capacity  g  *s  for  particle  class  i  in  the  sediment  mixture  is  then 
given  by — 


S'x    =  g 


s65 


g 


up 


E* 


;  =  1 


[4.21] 


Sediment 
Enrichment 


ER 


SSA 


sed-out 


SSA 


sed-in+soil 


This  procedure  allows  the  sediment  transport  capacity  to  be  determined  as  a 
function  of  the  particle  size  distribution  of  the  sediment.  If  a  greater  fraction  of 
the  sediment  is  fines,  the  g*s6S  of  the  sediment  will  shift  toward  a  smaller  particle 
size  class,  which  will  result  in  greater  total  transport  (as  one  would  expect).  As 
noted  earlier,  sediment  computations  are  performed  at  the  entry  and  exit  reach  of 
the  channel.  This  means  that  sediment  transport  capacity  is  computed  at  the  entry 
and  exit  points.  At  the  upslope  edge,  particle  size  distribution  used  for  com- 
putation of  transport  capacity  is  defined  by  the  size  distribution  of  the  incoming 
sediment  load.  For  the  lower  edge  this  distribution  is  a  weighted  average  of  the 
particle  size  distribution  of  the  incoming  sediment  and  that  contributed  to  the 
channel  by  overland  flow  erosion  within  the  zone. 


Enrichment  ratio  (ER)  is  computed  as — 


[4.22] 


where: 


SSAxeJ_oul  is  the  specific  surface  area  of  the  sediment  exiting  the  zone  (m2  g  '),  and 

SSAsed.in+soil  is  the  combined  specific  surface  area  of  the  sediment  entering  the 
zone  and  the  sediment  generated  through  overland  flow  erosion  (m2  g"1). 

It  is  assumed  that  the  fraction  of  primary  particles  in  the  small  aggregate  and 
large  aggregate  classes  in  incoming  sediment  and  the  overland  flow  sediment  are 
identical. 

The  specific  surface  area  of  the  exiting  sediment  SSAxed_oul  is  given  by — 
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SSAsed_0Ut  =  £  fjfi  x 

r=1  1  [4-23] 

frsnd{i)  ssasand  +  frslt(i)  ssaslt  +  frcly(i)  ssacly       frorg(i)  ssaorg 

1   +  frorg{i)  1.73 

where: 

/^  is  the  fraction  of  particle  class  in  the  exiting  sediment; 

frsnd(i),  frslt(i),  frcly(i),  and  frorg(i)  are  the  fractions  of  sand,  silt,  clay,  and 
organic  matter,  respectively;  and 

ssasand,  ssaslt,  ssacly,  and  ssaorg  are  the  specific  surface  area  (m2  g"1)  for  sand, 
silt,  clay,  and  organic  matter,  respectively. 

Default  values  used  for  the  specific  surface  areas  are  0.05,  4.0,  20.0,  1,000.0 
(m2  g"1)  for  sand,  silt,  clay  and  organic  matter  respectively  (unless  otherwise 
specified  by  the  user). 

Similarly,  the  specific  surface  area  of  the  incoming  sediment  and  the  sediment 
generated  by  overland  flow  erosion  SSAsed.in+soil  is  computed  by — 


sed-in+soil         £-**    J sed-in+soir-  ' 
i  =  l 

frsnd{i)  ssasand  +  frslt(i)  ssaslt  +  frcly{i)  ssacly       frorg{i)  ssaorg 
1    +  frorg(i)  1.73 

where: 


[4.24] 


fSed-in+soii(0  ls  me  fraction  of  particle  class  in  the  incoming  sediment  and  that 
generated  by  overland  flow  erosion. 

The  mass  of  adsorbed  particulates  (such  as  NH4+  and  P04")  exiting  a  zone  along 
with  sediment  is  then  given  by — 

Part      =  sed      x  Part        x  ER  T4  251 

out  out  cone  IT*-* — J 

where: 

Partoul  is  exiting  particulate  mass  (kg  ha-1), 
sedoul  is  the  exiting  sediment  mass  (kg  ha-1),  and 
Partconc  is  the  particulate  concentration  (kg  kg"1). 
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Table  4.1.  Particle  class  properties 


Particle  class 

Specific  weight 

Particle  diameter 

Transport  capacity 
factor,  k 

(kgm-3) 

(m) 

Clay 

2,600.8 

2.00X10"6 

6.242  xlO"3 

Silt 

2,650.8 

l.OOxlO-5 

6.053xl0-3 

Small  aggregate 

1,800.5 

0.35X10"4 

12.478xl0"3 

Large  aggregate 

1,600.5 

0.50xl0"3 

16.631  xlO"3 

Sand 

2,650.8 

2.00x10^ 

6.053  xlO"3 

Modified  from  Young  et  al.  1989 
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Table  4.3.  Equations  for  determining  Pt  as  a  function  of  slope 

Slope  Practice  management  factor* 

(%) 

0-2  P,  =  0.6467  x  (DOC,  +  9.785)009386 

3-7  P,  =  0.5296  x  (DOC,  +  7.699)° 1375 

8-12  P,  =  0.6467  x  (DOC,  +  9.785)009386 

13-18  P,  =  0.8192  x  (DOC,  +  9.0332)004314 

19+  P  =  \ 

*  DOC,  =  percent  degrees  off  contour. 
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Table  4.4.  Estimated  fraction  of  various  particle  types  passing  through  overland 
flow  area  roughness  depressions 


Fraction  of  original  load  for  each  particle  type 


Overland  flow 

roughness 

factor 


Clay 


Small 

Large 

Silt 

aggregate 

aggregate 

Sand 

0.79 

0.37 

0.00 

0.00 

0.93 

0.75 

0.00 

0.00 

0.99 

0.98 

0.07 

0.17 

1.00 

0.99 

0.32 

0.46 

1.00 

1.00 

0.58 

0.69 

1.00 

1.00 

0.78 

0.84 

1.00 

1.00 

0.86 

0.90 

1.00 

1.00 

0.94 

0.96 

1.00 

1.00 

1.00 

1.00 

0.30 
0.50 
0.65 
0.75 
0.85 
0.92 
0.95 
0.98 
1.00 


0.91 
0.97 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 


Source:  Foster  1982. 
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Runoff 
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Natural  Channel 
&  overland  areas 


Overland  areas 


Overland 
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As  simulated 
In  REMM 
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flow     ^ : 


Overland  slope 


Overland 

Horizontal 

distance 


Figure  4.1.  Channel  and  overland  flow  areas  as  simulated  in  REMM 
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Process  1 :  Detachment 
Process  2:  Overland 

to  channel  delivery 


Figure  4.2  Overland  flow  detachment  and  delivery 
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Chapter  5 

Litter  and  Sediment  Interactions 


Lee  S.  Altier,  Randall  G.  Williams,  and  Richard  Lowrance 

Summary  Interaction  of  surface  runoff  with  litter  residue  on  the  soil  surface  is  an 

important  characteristic  of  riparian  buffers.  REMM  simulates  the  interaction  of 
surface  soil,  surface  runoff  and  leaf  litter  on  the  soil  surface.  Sediment  trans- 
port equations  (chapter  4)  are  used  to  determine  whether  a  fixed  amount  of  soil 
associated  with  the  litter  is  subject  to  erosion  or  deposition.  All,  none,  or  a 
portion  of  the  litter  and  litter-associated  soil  can  move  with  each  runoff  event.  If 
soil  is  eroded  from  the  litter,  soil  from  the  top  soil  layer  is  assumed  to  replace  it 
the  following  day.  If  soil  is  deposited  in  the  litter,  it  will  be  added  to  the  top  soil 
layer  the  following  day.  The  litter  biomass  with  which  the  soil  is  associated 
moves  proportionally  to  the  amount  of  soil  transported  out  of  the  litter  layer. 
Mixing  of  the  surface  runoff  with  the  litter  layer  is  done  to  allow  changes  in 
concentrations  of  dissolved  and  adsorbed  nitrogen  and  phosphorus  (described  in 
chapters  7  and  8). 

Leaf  litter  in  a  riparian  buffer  may  cause  sedimentation  from  runoff  water,  or  it 
may  be  transported  by  runoff  water  if  flow  rates  are  high.  Runoff-litter 
interactions  may  also  change  the  concentrations  of  dissolved  chemicals  through 
adsorption  and  desorption  reactions  (Vought  et  al.  1994).  Although  appropriate 
representation  of  these  interactions  is  critical  to  a  riparian  buffer  zone  model, 
very  little  is  known  about  the  action  of  sediment  litter  from  direct  studies  of 
riparian  buffers. 

Velocities  of  flow  decrease  along  the  forest  floor  compared  to  other  surface 
conditions  such  as  cultivated  fields,  pastures,  minimum-tilled  fields,  and  bare 
ground  (USDA  1975).  As  flow  decreases,  there  is  an  opportunity  for 
sedimentation  that  may  lead  to  the  burial  of  leaf  litter.  Conversely,  when  flow 
rates  are  high,  there  is  an  opportunity  for  transport  of  leaf  litter.  Although 
quantitative  estimates  of  leaf  litter  transport  and  burial  relative  to  upland  surface 
runoff  are  not  well  known,  it  occurs  in  most  riparian  systems.  Litter  was  found  to 
be  transported  by  flood  waters  in  a  study  of  the  Sangamon  River  floodplain  in 
Illinois  (Bell  et  al.  1978).  All  leaf  litter  falling  into  the  floodplain  forest  was 
either  decomposed  or  washed  away  by  floodwaters  in  the  study.  Smaller  second- 
and  third-order  streams  in  south  Georgia  also  exhibited  substantial  litter 
transport  during  flooding,  with  an  average  of  about  25  percent  of  total  litterfall 
being  transported  during  high  flow  events  (Lowrance,  unpublished  data). 

The  litter-sediment  and  litter-runoff  interactions  also  lead  to  changes  in  dissolved 
nutrient  concentrations.  Although  little  is  known  about  these  interactions,  it  is 
likely  that  much  of  the  reaction  with  dissolved  nutrients  is  due  to  adsorption  and 
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desorption  reactions  between  soil  particles  associated  with  the  litter  and  the 
runoff  water.  Phosphorus  and  nitrogen  adsorption  depends  on  interactions  of  soil 
particles  associated  with  the  litter  and  the  dissolved  phosphorus  in  runoff  water 
(Svendsen  1992,  Vought  et  al.  1994).  Interactions  of  litter  and  soil/sediment 
particles  are  described  in  this  chapter.  Interactions  among  the  soil/sediment 
particles  and  dissolved  nutrients  are  described  in  chapters  7  and  8. 

In  the  Riparian  Ecosystem  Management  Model  (REMM),  the  litter  layer  is  used 
as  a  mixing  layer  for  interaction  with  runoff  water.  The  model  assumes  that  litter 
comprises  plant  residue  and  a  fixed  content  of  soil.  Even  if  there  is  no  residue  on 
the  ground  surface,  the  litter  layer  is  assumed  to  contain  the  mass  equivalent  of  1 
cm  of  soil  (mineral  soil  and  humus  material)  to  act  as  a  mixing  layer  for 
interaction  with  runoff  water  (figure  5.1).  When  runoff  water  enters  a  zone,  it  is 
assumed  to  completely  mix  with  this  layer  and  come  to  a  new  equilibrium  of 
dissolved  chemical  concentrations  before  infiltrating  into  the  upper  soil  layer  or 
continuing  out  of  the  zone  as  surface  runoff. 

The  mass  balance  of  soil  in  the  litter  layer  is — 

3 


SoilUrt  =  SoilLtrt_x  +  SedErosInJ  +  SoilUp  t  +  2.5  £  CHumSynjt 


JA        3  [5-1] 

SedErosOuatrj  ~  SoilBur t  ~  SoilDep  t  -  2.5  £  CHumRjt 

where,  on  day  t: 

SoilLtrt  is  the  mass  of  soil  (mineral  and  humus  materials)  in  the  litter  layer 
(kg  ha"1), 

SedErosInt  and  SedEros0ulUrl  are  sediments  in  runoff  water  carried  into  or  eroded  out 
of  the  litter  layer  (kg  ha"1), 

SoilUp ,  is  soil  from  the  upper  soil  layer  that  replaces  soil  lost  from  the  litter  layer 
(kg  ha"1), 

CHumSyrij,  is  carbon  synthesized  into  humus  pool  j  (kg  ha"1), 

2.5  is  an  estimate  of  ratio  of  mass  of  organic  matter  to  mass  of  carbon  (that  is,  40 
percent  of  organic  matter  is  carbon), 

SoilBur  (  is  burial  of  plant  residue  and  soil  from  the  litter  layer  into  the  upper  soil 
layer  by  sedimentation  from  incoming  water  runoff  (kg  ha"1), 

SoilDep  t  is  deposition  of  soil  from  the  litter  layer  into  the  upper  soil  layer  on  a 
daily  basis  in  order  to  maintain  a  1 -cm-thick  mixing  layer  (kg  ha"1),  and 
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ChumRJt  is  carbon  released  from  humus  poolj  (kg  ha  '). 

Sedimentation  into  the  litter  layer  and  erosion  out  of  the  litter  layer  may  both 
occur  on  the  same  day.  However,  only  a  net  change  in  the  depth  of  the  litter  layer 
will  influence  the  upper  soil  layer.  Sediment  movement  in  and  out  of  zones  is 
simulated  by  the  REMM  erosion  module. 


Erosion 


When  erosion  occurs,  material  is  initially  lost  from  the  litter  layer.  As  long  as 
there  is  material  remaining  in  the  litter  layer,  erosion  is  simulated  as  though  there 
were  an  impervious  layer  over  the  upper  soil  layer.  That  is,  unless  the  runoff 
water  has  enough  transport  capacity  to  remove  the  entire  litter  layer  from  a  zone, 
there  is  no  interaction  between  runoff  water  and  the  upper  soil  layer.  If  there  is 
insufficient  material  in  the  litter  layer  to  satisfy  erosion  demands,  material  is 
eroded  from  the  upper  soil  layer.  In  a  forested  buffer  with  high  infiltration 
capacity,  one  would  generally  expect  minimal  amounts  of  erosion  to  occur.  Net 
sedimentation  is  more  likely  than  net  erosion  under  most  conditions. 


The  proportion  of  the  litter  layer  that  erodes  is  determined  from  the  ratio  of  depth 
of  outgoing  sediment  to  depth  of  the  litter  layer: 


F 


Eros,Ltrj 


=  Minimum  of  i 


1.0 
Sed 


ErosOat,Ur,t 


BD 


Ltrj' 


[5.2] 


BD 


SedErosOut,Ltr,t 


Soil 


Ltr,t/ 


where,  on  day  t: 


Eros.Llr.t 


is  the  fraction  of  material  eroding  from  the  litter  layer, 


SedEros0utUrt  is  erosion  out  of  a  zone  from  the  litter  layer  (kg  ha"1), 
BDsedErosOut,ur,t ls  tne  bulk  density  of  sediment  eroding  from  litter  layer  (kg  m"3), 

BDLlrl,  is  the  bulk  density  of  the  litter  layer  (exclusive  of  plant  residue)  after 
incoming  erosion  but  before  outgoing  erosion  has  occurred  (kg  m-3),  and 

SoilLtrl,  is  the  mass  of  soil  (mineral  and  humus  material)  in  the  litter  layer  after 
incoming  runoff  but  before  outgoing  runoff  has  occurred  (kg  ha-1). 

Because  of  the  fixed  soil  content  of  the  litter  layer,  an  amount  of  material  equal 
to  any  net  erosion  loss  or  loss  from  mineralization  of  organic  matter  must  be 
supplied  from  the  upper  soil  layer  each  day.  lfFErosLlrt  is  less  than  1,  a  portion  of 
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the  upper  soil  will  only  replace  what  has  been  lost  from  the  litter  layer.  If  all  of 
the  litter  layer  erodes  away  (that  is,  if  FErosLlrl  =  1),  then  material  from  the  upper 
soil  layer  (SoilUp)  will  replace  the  entire  litter  layer: 


LyrDepth 


l.tr 


Soil 


Ltr,t' 


SoilUpt  = 


1 000 


\04  BD 


Ltrj") 


\04BD 


Layer  l,t-\ 


LyrDepth 


1000 


££  x  \Q4BD 


Layer 7./-1 


F  <  1 

1  Eros,Ltr,t  l 


[5.3] 


F 


Eros,Ltr,t 


where: 

LyrDepth Ur  is  the  depth  of  the  soil  portion  of  the  litter  layer  exclusive  of  plant 
residue  (mm), 

SoilLtrt„  is  the  mass  of  soil  remaining  in  the  litter  layer  after  erosion  from  the  litter 
layer  has  occurred  on  day  t  (kg  ha"1), 

BDLlrf.  is  the  bulk  density  of  soil  (exclusive  of  plant  residue)  remaining  in  the 
litter  layer  after  erosion  from  the  litter  layer  has  occurred  on  day  t  (kg  m~3), 
and 

BDLayerlt_x  is  the  bulk  density  of  the  upper  soil  layer  (exclusive  of  plant  residue) 
at  the  end  of  day  t-\  (kg  m"3). 

The  proportion  of  material  in  the  upper  soil  layer  (FSoilu  ,)  that  replaces  material 
in  the  litter  layer  is — 


F, 


SoilUpj 


SoilUpt 


Layer],  t- 1 


LyrDepthLayerlJ_ 
1000 


[5.4] 


where: 


LyrDepth  Layerlt_x  is  the  depth  of  the  upper  soil  layer  at  the  end  of  day  t-\  (mm). 

When  erosion  removes  the  entire  litter  layer,  the  upper  soil  layer  also  becomes 
subject  to  erosion.  The  proportion  of  soil  material  from  the  upper  soil  layer  that 
erodes  (FErosLayerlt)  is  determined  by— 
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F  ^e"ErosOut,LayerlJ 

10  BDw->  — m — 

where,  on  day  t: 

FErosLayerll  is  the  fraction  of  material  coming  up  from  the  upper  soil  layer  that 
erodes  with  outgoing  runoff  water,  and 

SedEmsOut.Layeri.t ls  sediment  eroding  from  the  upper  soil  layer  (kg  ha"1). 

For  simplicity,  it  is  assumed  that  plant  residue  in  the  litter  layer  and  upper  soil 
layer  will  be  lost  in  the  same  proportion  as  soil  eroding  from  each  layer: 

ZReSErosOu,,Ur,,,t    =    F Eros,Ltr,t    *    ZReSLtr,i,t>  [5.6] 

ZReSErosOut,Layerl,i,t    ~    ^ Eros, Layer l,t    *    ZReS  Layer]  j,t-\  [5.7] 


ZRes     =    < 


CRes 

NRes  [5.8] 

PRes 

where: 

ZResEros0ulM  and  ZResEros0ulLayerUl  are  any  of  several  elements  in  residue  pool  i 
(metabolic  or  structural — see  chapter  6)  eroding  out  of  the  litter  layer  and 
upper  soil  layer,  respectively,  on  day  t  (kg  ha"1); 

ZResLtril.  is  any  of  several  elements  in  residue  pool  i  in  the  litter  layer  after 
incoming  runoff  but  before  outgoing  runoff  has  occurred  (kg  ha"1); 

ZResLayi,rlll_\  is  any  of  several  elements  in  residue  pool  /'  in  the  upper  soil  layer  at 
the  end  of  day  t-\  (kg  ha"1);  and 

CRes,  NRes,  and  PRes  are  carbon,  nitrogen,  and  phosphorus,  respectively,  in 
residue  (kg  ha"1). 

As  soil  is  removed  from  the  upper  soil  layer  to  replace  material  in  the  litter  layer, 
corresponding  amounts  of  organic  and  mineral  materials  are  also  removed  in 
proportion  to  their  content  in  the  upper  soil  layer: 
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SoilUpJ 


F  x    7 

r  SoilUpj         ^Layerl,t-l 


[5.9] 


Z     = 


Cites 

CHum. 
NHum. 
PHum] 

NAm 
NNit 
other  mineral  particles 


[5.10] 


where: 

ZSoilUpU  is  any  of  several  materials  in  soil  from  the  upper  soil  layer  that  replaces 
eroded  litter  layer  (kg  ha"1); 

^•Layeri.i.t IS  one  of  several  materials  in  upper  soil  layer  on  day  t—\  (kg  ha"1); 

CRes„  NRes,,  and  PRes,  are  carbon,  nitrogen,  and  phosphorus,  respectively,  in 
residue  pool  i  (metabolic  or  structural — see  chapter  6)  (kg  ha"1); 

CHurrij,  NHumf  and  PHum }  are  carbon,  nitrogen  and  phosphorus,  respectively, 
in  humus  pools  (active,  passive  or  slow — see  chapter  6)  (kg  ha"1); 

Pq  is  inorganic  phosphorus  in  pool  q  (labile,  active,  or  passive — see  chapter  8) 
(kg  ha"1);  and 

NAm  and  NNit  are  NH4+-N  and  N03  -N  (kg  ha"1)  (see  chapter  7). 

Undissolved  inorganic  chemicals  are  assumed  to  erode  at  a  rate  determined  by  an 
enrichment  ratio.  All  available  sources  must  first  be  mixed  and  then  equilibrated 
between  dissolved  and  adsorbed  phases  before  eroding.  Dissolution  and 
adsorption  of  labile  phosphorus  and  NH4+-N  are  described  in  the  chapters  on 
nitrogen  (chapter  7)  and  phosphorus  (chapter  8).  After  determining  the  amounts 
in  dissolved  and  adsorbed  phases,  transport  on  sediment  can  be  calculated: 
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ZJnorgEros0utUrqt 


SedErosOuU    X    ERUrJ    *    Z/™^C°"W^/ 
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[5.13] 


x  ZInorgConcAdsLayerlqt_x 

where: 

ZInorgEros0ulUrql  and  ZInorgEros0utLayerIcjl  are  either  nitrogen  or  phosphorus  in 
inorganic  forms  that  erode  from  the  litter  layer  and  upper  soil  layer, 
respectively,  on  day  t  (kg  ha"1) 

ERLlrt  and  ERLayerll  are  the  enrichment  ratios  of  eroding  sediment  from  the  litter 
layer  and  the  upper  soil  layer,  respectively,  on  day  t; 

ZInorgConcAdsUrqt<  is  the  concentration  of  either  nitrogen  or  phosphorus  in 

inorganic  forms  adsorbed  in  the  litter  layer  on  day  t  after  incoming  runoff  but 
before  outgoing  runoff  has  occurred  (kg  kg-1); 

ZInorgConc AdsLayerl  q(_x  is  the  concentration  of  either  nitrogen  or  phosphorus  in 
inorganic  forms  adsorbed  in  the  upper  soil  layer  at  the  end  of  day  t-\ 
(kg  kg"1); 

ZInorg Ads  u    r  is  either  nitrogen  or  phosphorus  in  inorganic  forms  in  the  litter 
layer  after  incoming  runoff  but  before  outgoing  runoff  has  occurred  on  day  t 
(kg  ha"1); 

ZInorgAdsL    H  ,_,  is  either  nitrogen  or  phosphorus  in  inorganic  forms  in  the  upper 
soil  layer  at  the  end  of  day  t-\  (kg  ha"1); 

?q  is  adsorbed  phosphorus  in  form  q  (kg  kg"1);  and 

NAm  is  NH4+-N  that  erodes  on  day  t  (kg  ha"1). 
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Sedimentation 


When  net  sedimentation  occurs  in  a  zone,  no  erosion  is  allowed  from  the  upper 
soil  layer.  Rather,  a  depth  of  material  equal  to  the  net  sedimentation  is  moved 
from  the  litter  layer  into  the  upper  soil  layer.  Along  with  this,  a  corresponding 
proportion  of  plant  residue  from  the  litter  layer  becomes  buried  in  the  upper  soil 
layer.  The  proportion  of  the  accumulated  sediment  in  the  litter  layer  that  is  added 
to  the  upper  soil  layer  is — 


F 


Soil 


Ltr,t' 


Bur.t 


104  BDUrjll  x 


LyrDepth 


Ltr 


[5.14] 
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Burj 


x    Z 


Ltrj ' 


1000 
where: 


FBurl  is  the  fraction  of  the  material  in  the  litter  layer  that  is  buried  in  the  upper 
soil  layer  on  day  t. 

Burial  of  mineral  and  organic  materials  into  the  upper  layer  can  then  be 
calculated  as — 


[5.15] 


where: 


ZBurl  is  any  of  several  materials  (listed  in  equation  5.10)  deposited  into  the  upper 
soil  layer  on  day  t  (kg  ha-1),  and 

ZLlrt,  is  any  of  several  materials  (listed  in  equation  5.10)  making  up  the  soil 

portion  of  the  litter  layer  after  incoming  runoff  has  entered  the  zone  (kg  ha"1). 


Deposition  of 

Adsorbed 

Chemicals 


On  days  when  there  is  no  erosion  or  sedimentation  in  a  zone,  there  may  be  a 
change  in  the  soil  depth  of  the  litter  layer  as  organic  matter  decomposes.  A 
change  in  depth  is  determined  by — 


LtrExt  =  1000 


Soil 


Ltr,t-\ 


LyrDepth 


Ltr 


lo-i^W,         iooo 


[5.16] 


where: 

LtrEx,  is  the  excessive  or  deficient  amount  of  soil  in  the  litter  layer  (mm). 

IfLtrEx,  is  positive,  then  the  formation  of  the  humus  from  plant  residue  has 
caused  excessive  soil  depth  of  the  litter  layer.  As  with  sedimentation,  a 
corresponding  amount  of  soil  must  be  deposited  into  the  upper  soil  layer  in  order 


62 


to  maintain  the  constant  1  -cm  depth  of  the  litter  layer.  However,  unlike  the 
effects  of  sedimentation,  there  is  no  burying  of  plant  residue  material — that  is, 
only  mineral  and  humus  material  are  incorporated  into  the  upper  soil  layer: 


LtrExt 


bSoilDeP,t    "     LyrDepthur  t5-17] 

■"■SoilDepj    =   ^ SoilDepj   *  ^Ltr,t-\  [5.18] 


X    = 


CHum 

NHum 

j 

PHum} 


Pq  [5.19] 

NAm 
NNit 
other  mineral  particles 

where,  on  day  t: 

FsoiiDep.i  is  me  fraction  of  soil  material  in  the  litter  layer  that  is  deposited  into  the 
upper  soil  layer, 

XSoilD   ,  is  any  of  several  organic  and  mineral  materials  that  may  be  deposited  into 
the  upper  soil  layer  from  the  litter  layer  (kg  ha"1),  and 

Xltrl  is  any  of  the  several  organic  and  mineral  materials  making  up  the  soil 
portion  of  the  litter  layer  (kg  ha"1). 

If  LtrEx,  is  negative,  then  mineralization  of  humus  has  exceeded  the  formation  of 
humus  from  plant  residue.  Therefore  the  soil  must  be  brought  up  from  the  upper 
soil  layer  to  make  up  the  difference: 

-LtrExt 
F«*  ^  LyrDeptk^,,.,  [52°] 


Then  the  calculation  of  materials  brought  up  from  the  soil  proceeds  with 
equations  5.9  and  5.10. 
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Figure  5.1.  Litter  and  upper  soil  layer  interactions  in  REMM 
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Chapter  6 

Soil  Nutrients:  Carbon 


Lee  S.  Altier,  Richard  Lowrance,  and  Randall  G.  Williams 


Summary 


Carbon  dynamics  are  based  on  the  Century  model,  with  carbon  in  the  soil  and 
residue  (litter)  layers  divided  into  different  pools.  Carbon  is  transferred  from 
residue  to  humus  by  decomposition  and  resynthesis.  Soil  carbon  is  divided  into 
active,  passive,  and  slow  pools.  Residue  carbon  is  divided  into  structural  and 
metabolic  pools.  Carbon  enters  and  leaves  the  pools  via  transformations  to  other 
pools,  dissolved  and  particulate  carbon  carried  by  water,  and  carbon  dioxide 
evolution.  Decomposition  of  residue  is  governed  by  factors  for  temperature, 
moisture,  and  nutrient  content.  As  residue  decomposes,  carbon  and  nutrients  are 
resynthesized  into  the  humus  pools.  Either  nitrogen  or  phosphorus  can  limit  the 
amount  of  humus  synthesis  that  occurs. 


TotC.  =  TotC 


t-\ 


The  carbon  cycle  is  fundamental  for  simulation  of  all  organic  matter  dynamics 
and  many  nutrient  cycling  processes  in  the  Riparian  Ecosystem  Management 
Model  (REMM).  The  mass  balance  of  carbon  in  each  zone  is  the  sum  of  carbon 
in  vegetation  and  soil  (including  litter): 

+  ACVeg,  +  ACGrd,  [6.l] 

where,  on  day  t: 

TotC,  is  the  total  amount  of  carbon  (kg  ha-1), 

ACVeg,  is  the  change  in  carbon  assimilated  in  vegetation  (kg  ha"1),  and 

ACGrd,  is  the  change  in  carbon  in  the  litter  and  soil  layers  (not  including  living 
roots)  (kg  ha"1). 

This  chapter  is  a  description  of  carbon  dynamics  in  the  litter  and  soil  layers  and 
how  levels  of  carbon  in  the  soil  are  influenced  by  plant  litter  inputs, 
management,  and  exogenous  sources. 


Carbon  Balance 


Carbon  in  the  soil  and  litter  layers  is  assumed  to  comprise  two  major  pools — the 
residue  pool  and  the  humus  pool.  The  residue  pool  is  further  partitioned  into  a 
metabolic  residue  pool  and  a  structural  residue  pool.  Similarly,  the  humus  pool  is 
further  divided  into  three  component  pools:  the  active  pool,  the  slow  pool,  and 
the  passive  pool.  Figure  6.1  illustrates  each  of  these  pools.  This  scheme  is  based 
on  the  Century  model.  For  assumptions  and  the  rationale  behind  the  pools,  see 
Parton  et  al.  (1987).  In  the  REMM  nutrient  module,  all  carbon  pools  (including 
amounts  in  both  plant  residue  and  humus)  are  substrates  for  microbial  trans- 
formations. Carbon  is  transformed  from  residue  to  humus  by  decomposition  and 
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resynthesis  by  microorganisms.  The  total  amount  of  carbon  in  each  soil  layer 
(CGrdt)  is  represented  in  the  model  as — 

2  3 

CGrdt  =  Y.CResit  +  Y,CHumjt  [6-2] 

/=i  j=\ 

where,  on  day  t: 

CRestl  is  the  change  in  carbon  in  plant  residues  (kg  ha-1),  and 

CHurrij,  is  the  change  in  carbon  in  the  humus  pools  (kg  ha"1). 

The  carbon  dynamics  in  REMM  are  illustrated  in  figure  6.2  and  are  described  in 
detail  in  the  following  sections. 


Litter 

Inputs  In  order  to  avoid  the  difficulty  of  having  to  separately  keep  track  of  the  decom- 

position of  many  individual  inputs  of  organic  residue  over  time,  daily  inputs  of 
fresh  residue  are  mixed  with  the  existing  pools  of  residue  material.  Depending 
on  the  source  of  vegetation  (species  and  plant  part),  incoming  litter  is 
characterized  as  having  fixed  carbon/nitrogen,  carbon/phosphorus,  and 
lignin/nitrogen  ratios.  The  Century  model  (Parton  et  al.  1987),  the  Rothamsted 
model  (Jenkinson  1990),  and  the  Phoenix  model  (McGill  et  al.  1981)  identify 
fractions  of  residue  as  being  either  readily  decomposable  (metabolic 
components)  or  resistant  (structural  components).  Each  of  these  two  pools 
decomposes  at  a  different  rate. 

The  mass  balance  for  carbon  in  metabolic  plant  residue  is — 
CResm,b,t  =  CResmtb,t-\  +  {CResInputt  x  F Urlnputmtb)  +  CResDissIn  mb , 

+  CReS Eroslnmtbt  +  CReSBurIn,mtb,t  +  ^ReSSoilUpIn,mtb,t  ~  ^ReSDissOut,mtb,t  [6.3] 

-  CResEros0ulmtbt  -  CRes Bur0utmtbt  +  CRes SoilUp0utmtbt  -  CResRmtbt 

where,  on  day  t: 

CResmlbl  is  carbon  in  metabolic  residue  (kg  ha-1); 

CResInput,  is  the  total  amount  of  carbon  in  fresh  litter  on  the  day  of  input 
(kg  ha"1); 


Furhpui.mtb.t  is  tne  fraction  of  the  metabolic  component  of  fresh  litter  input; 


67 


CResDlsslnmtbl  and  CResDlss0ulmlbl  are  incoming  and  outgoing  dissolved  metabolic 
carbon,  respectively  (kg  ha"1); 

CResEroslnmlbl  and  CRes  Eros0u(mlbl  are  carbon  in  metabolic  residue  carried  in  and 
out,  respectively,  in  runoff  water  (litter  layer  and  upper  soil  layer  only) 
(kg  ha-1); 

CResBurInmlbt  and  CResBur0ulmlbl  are  carbon  in  metabolic  residue  buried  into  the 
upper  soil  layer  and  removed  from  the  litter  layer,  respectively,  as  net 
sedimentation  occurs  in  a  zone  (upper  soil  layer  and  litter  layer  only) 
(kg  ha"1); 

CResSoilUpInmtbJ  and  CResSodUp0utmlb,  are  carbon  in  metabolic  residue  moved  up  into 
the  litter  layer  and  removed  from  the  upper  soil  layer,  respectively,  along 
with  transfer  of  soil  to  maintain  a  constant  depth  in  the  litter  layer  (litter  layer 
and  upper  soil  layer  only)  (kg  ha-1);  and 

CResRmlb  t  is  carbon  decomposed  from  the  metabolic  residue  component 
(kg  ha"1). 

Details  regarding  the  transfer  of  materials  between  the  litter  layer  and  the  upper 
soil  layer  during  sedimentation  and  erosion  are  discussed  in  chapter  5.  The 
dissolved  metabolic  carbon  in  incoming  water  can  come  from  several  sources: 


CRes 
CRes 

^lxc:>DissIn,mtb,t 


CRes  +  CRes  +  CRes 

+  CRes 


Litter  layer 

Soil  layers  [6.4] 


where,  on  day  t: 

CResRunofflnmlbl  is  metabolic  carbon  in  incoming  surface  water  (kg  ha"1), 

CResSeepInmlbl  is  metabolic  carbon  in  incoming  surface  seep  (kg  ha-1), 

CResLallnmlbt  is  metabolic  carbon  in  incoming  subsurface  lateral  water  flow 
(kg  ha"1),  and 

CResDram!n  mtb ,  is  metabolic  carbon  in  incoming  drainage  (lower  soil  layers  only) 
(kg  ha11).' 

For  simplicity,  it  is  assumed  that  all  incoming  dissolved  organic  carbon  from 
sources  with  uncertain  characteristics,  such  as  from  precipitation  and  runoff  from 
upland  fields,  is  in  the  form  of  active  humus  carbon.  The  calculations  for 
dissolved  outgoing  carbon  are  described  near  the  end  of  this  chapter. 
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The  mass  balance  for  carbon  in  structural  plant  residue  is — 

CRessta  -  CRess<cj-x  +  (CResInput,  x  FUrInputstc)  +  CRes  ErosInstct 

+  CResBurInstct  +  L<ResSoilUp]nslct  -  (-ResEros0utstct  -  (-ResBur0ulstcJ  [6.5] 

-  CReSr.  „,  n  ,  ,  ,  -  CResR  ,  , 

SoilupOut,stc,t  stc,t 

where,  on  day  t: 

CResslcl  is  carbon  in  the  structural  residue  (kg  ha"1); 

Furinput.stc.t  is  me  fraction  of  the  structural  component  of  litter  input; 

CResErosInstcl  and  CResEros0ulstct  are  carbon  in  structural  residue  carried  in 

incoming  and  outgoing  runoff  water,  respectively  (in  litter  layer  and  upper 
soil  layer  only)  (kg  ha"1); 

CResBurInslcl  and  CResBur0ulmtbl  are  carbon  in  structural  residue  buried  in  the  upper 
layer  and  removed  from  the  litter  layer,  respectively,  as  net  sedimentation 
occurs  in  a  zone  (upper  soil  layer  and  litter  layer  only)  (kg  ha"1); 

CResSoilUpInslct  and  CResSoilUp0ulslcl  are  carbon  in  structural  residue  moved  up  into 
the  litter  layer  and  removed  from  the  upper  soil  layer,  respectively,  along 
with  the  transfer  of  soil  material  to  maintain  a  constant  depth  in  litter  layer 
(litter  layer  and  upper  soil  layer  only)  (kg  ha"1);  and 

CResRslcl  is  carbon  decomposed  from  the  structural  residue  component  (kg  ha"1). 

Daily  inputs  of  fresh  residue  are  the  sum  of  root,  stem,  branch,  and  leaf  litter 
from  different  plant  species.  The  amounts  of  litter  input  are  calculated  in  the 
plant  growth  module  of  REMM.  The  initial  carbon  content  of  fresh  residue 
(CResInput,)  is  determined  by — 

n      m 

CReslnputt  =  £  £  (FCwvl  x  ResInputwJ  [6.6] 

v=l   w=\ 

where,  for  fresh  residue  from  part  w  of  plant  type  v  on  day  t: 

Fcwvl  is  the  fraction  (dry  weight)  of  carbon  in  fresh  plant  residue — usually  about 
0.40  (Alexander  1977),  and 

Reslnputwvt  is  the  amount  of  fresh  residue  on  the  day  of  input  (kg  dry  weight  x 
ha"1). ' 

McGill  et  al.  (1981)  separated  portions  of  fresh  residue  into  the  two  pools 
according  to  the  carbon/nitrogen  ratio  of  the  incoming  residue.  Besides  nitrogen, 
the  lignin  content  of  litter  has  a  strong  influence  on  decomposition  rate 
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(Berendse  et  al.  1987).  Melillo  et  al.  (1982)  found  particularly  high  negative 
correlations  between  initial  lignin/nitrogen  ratios  and  decomposition  rates  of 
deciduous  leaf  litter.  Aber  et  al.  (1982),  Pastor  and  Post  (1986),  and  Parton  et  al. 
(1987)  have  used  lignin/nitrogen  ratios  in  models  of  litter  decomposition.  This 
approach  was  used  in  REMM: 

F,  ,        .         =  0.85  -  0.018  LNR     ,  f6  71 

Ltrlnput,mtb,w,v,t  w,v,t  LU-'J 

Ltrlnput,stc,w,v,t  Ltr Input,  mtb,w,v,t  l®-*\ 

where,  for  fresh  residue  from  part  w  of  plant  type  v  on  day  t: 
FLtrI    lmtbwvt  is  the  fraction  of  fresh  residue  that  is  metabolic, 
F Lrinput.stc.w.v.t ls  me  fraction  of  fresh  residue  that  is  structural,  and 
LNRwvl  is  the  lignin/nitrogen  ratio  of  the  incoming  litter. 

Pastor  and  Post  (1986)  have  presented  extensive  tables  of  initial  nitrogen  and 
lignin  composition  of  litter  for  many  tree  species.  Experimental  data  on  litter 
composition  for  several  species  are  listed  in  tables  6.1-6.3. 

Decomposition  Litter  material  has  been  shown  to  be  the  source  of  intense  microbial  activity 

(Ross  and  Tate  1993).  Carbon  from  the  litter  layer  gradually  enters  the  upper  soil 
layer  as  decomposition  and  mixing  by  soil  fauna  occur.  In  REMM,  carbon  from 
the  litter  layer  may  enter  the  soil  layers  in  four  ways:  plowing,  leaching  of 
metabolic  components,  burying  by  sedimentation  from  incoming  runoff,  and 
daily  deposition  of  soil  from  the  litter  layer  in  order  to  maintain  a  1  -cm-thick 
mixing  layer. 

Ghidey  and  Alberts  (1993)  observed  that  residues  below  ground  decompose 
faster  than  residues  on  the  soil  surface.  They  attributed  this  to  above-ground 
residues  having  lower  moisture  and  less  contact  with  the  soil.  They  also  noted 
that  the  carbon/nitrogen  ratio  of  the  residue  and  its  diameter  (for  example,  of 
roots)  influenced  the  decomposition  rate. 

The  calculation  of  litter  decomposition  in  REMM  is  taken  from  NLEAP  (Shaffer 
et  al.  1991)  and  EPIC  (Williams  et  al.  1984).  However,  as  mentioned,  metabolic 
and  structural  components  are  tracked  separately.  The  rate  equation  for 
decomposition  is  typical  of  the  approach  to  most  of  the  rate  equations  in  the 
nutrient  module.  Decomposition  is  determined  by  a  first-order  rate  coefficient 
multiplied  by  the  amount  of  carbon  in  the  residue  and  by  factors  for  temperature, 
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moisture,  and  carbon/nitrogen  ratio.  Assuming  that  the  rate  modifiers  act 
independently,  they  are  included  as  multiplicative  reduction  factors,  ranging  in 
value  from  0  to  1 .  The  slower  above-ground  decomposition  observed  by  Ghidey 
and  Alberts  (1993)  can  be  simulated  by  reducing  the  rate  coefficient  for  surface 
material,  as  done  in  the  Century  model  (Parton  et  al.  1987): 


CResR,  =  £(£,  x  CRes.t  *  TFact  x  WFacaerobict  x  CNP.t  x  SurFac)  [6.9] 

i=i 

where,  on  day  t: 

CResR,  is  carbon  released  from  residue  (kg  ha"1); 

k,  is  a  rate  coefficient  for  decomposition  of  residue  component  i  (metabolic  or 
structural;  table  6.4); 

CResu  is  the  carbon  content  of  each  residue  component  i  (kg  ha-1); 

TFac,  and  WFacaeroblcl  are  rate  modification  factors  for  temperature  and  moisture, 
respectively  (range  from  0  to  1); 

CNPtl  is  a  rate  modification  factor  related  to  the  carbon/nitrogen  and 

carbon/phosphorus  ratios  of  residue  component  i  (ranges  from  0  to  1);  and 

SurFac  is  a  rate  modification  factor  for  surface  residue  (=  0.2  for  litter  layer,  1 .0 
for  other  layers). 

A  pH  factor  was  not  included  in  equation  6.  Unless  there  are  large  applications 
of  animal  wastes  to  cause  a  rapid  change  in  pH  (Reddy  et  al.  1979),  soil  pH 
changes  are  generally  insignificant  and  microbial  populations  are  adapted  to  the 
pH  of  a  soil,  so  pH  would  have  little  influence  on  biological  processes  (Van 
Veen  and  Frissel  1983,  Van  Veen  et  al.  1984). 

The  rate  factor  for  structural  residues  is  set  according  to  its  lignin  content  (Parton 
etal.  1987): 

Ktc,t  =  ^cXexP(-3-0^)  [6-10] 

where,  on  day  t: 

kslcl  is  the  decay  rate  for  structural  residue  (day-1), 
kslc  is  a  maximum  decay  rate  for  structural  residue  (day-1)  (table  6.4),  and 
LFstcl  is  the  fraction  of  the  structural  residue  that  is  lignin. 
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The  calculation  of  the  lignin  fraction  is  based  on  the  assumption  that  lignin 
disappears  from  structural  residue  in  proportion  to  the  disappearance  of  carbon 
and  that  carbon  remains  at  40  percent  of  the  residue  (dry  weight): 


IF 


LRes. 


stc,t 


2.5  CResstcJ 


[6.11] 


LReSs,cj    =   LReSstc,t-l 


CResR„rt 

&L  x  LRes ,  ,  , 

CRes  stcJ-1 


stc,t-\ 


+  £  £  LFReslnputwvt  x  Reslnputwvt 


[6.12] 


v=l   \v  =  \ 


where,  on  day  V. 

LResslct  is  lignin  in  the  structural  residue  (kg  ha"1),  and 

LFResInputwxl  is  the  fraction  of  lignin  in  fresh  residue  from  part  w  of  plant  type  x 
entering  the  structural  residue  pool. 

The  temperature  factor  (TFac,)  is  determined  so  that  the  rate  has  a  Q]0  of  2 
(Kladivko  and  Keeney  1987): 


TFac, 


(TSoilrTopl)/ 10 


TSoil  =  0 


0  <  TSoil,  <Topt 
Topt  <  TSoil, 


[6.13] 


where: 

TSoil,  is  soil  temperature  on  day  /  (°C),  and 

Top,  is  optimal  temperature  for  decomposition  (°C). 

The  moisture  factor  (WFacaerobicl)  is  a  function  of  percentage  of  water-filled  pore 
space  (from  Linn  and  Doran  1984): 
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WFac 


aerobic,! 


0.0075  WFPt 

-0.253  +  0.0203  WFPt 

3.617  exp( -0.02274  WFP) 


WFPt  <  20 

20  <  WFPt  <  60 

60  <  WFP. 


[6.14] 


where: 

WFP,  is  water-filled  pore  space  (%)  on  day  t. 

Although  temperature  and  moisture  may  be  favorable  for  carbon  mineralization, 
the  rate  of  decomposition  is  also  influenced  by  the  composition  of  the  residue 
(Gorissen  et  al.  1995).  Decomposition  will  slow  down  as  nitrogen  or  phosphorus 
become  limiting  for  microbial  activity.  From  Parton  et  al.  (1987),  the  CNP 
factors  for  metabolic  and  structural  residue  are — 


CNP 


mtb 


Minimum 


8.0  /  (Emtb  x  CNRmtb) 
80.0  /  (Emb  x  CPRmtb) 


[6.15a] 


CNP 


stc 


Minimum 


^^^iunorgNj 


11.0  /(£     x  CNR  J 


stc 


stc' 


200.0  /  (£     x  CPRJ 


[6.15b] 


where,  for  each  residue  component  (metabolic  or  structural)  on  day  t: 

CNR  is  an  effective  carbon/nitrogen  ratio, 

CPR  is  an  effective  carbon/phosphorus  ratio  of  the  residue,  and 

Emtb  and  Estc  are  efficiencies  of  synthesis  for  carbon  from  metabolic  and  structural 
residues,  respectively  (dimensionless). 

Exogenous  nitrogen  sources  facilitate  the  decomposition  of  litter  (Hart  et  al. 
1993).  The  effective  carbon/nitrogen  ratio  is  calculated  as  a  function  of  the  soil 
inorganic  nitrogen  as  well  as  the  carbon  and  nitrogen  contents  of  the  residue  in 
order  to  reflect  the  augmenting  effect  that  added  nitrogen  can  have  on  organic 
matter  decomposition  (Alexander  1977): 


CReS; 


k   x  CRes  , 
NRes .,  +  - 1± 


mmDiss,t  +  NNiQ 


[6.16] 


£(*.  x  CReslt) 


t=\ 
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CPR 


where,  on  day  V. 

NRes,,  is  nitrogen  in  residue  component  i  (kg  ha-1), 
NAmDlssl  is  dissolved  NH4+-N  (kg  ha"1),  and 
NNit,  is  N(V-N  (kg  ha"1). 

In  the  Century  model  (Parton  et  al.  1987)  only  5  to  10  percent  of  the  soil  mineral 
nitrogen  is  assumed  to  be  available  for  immobilization  in  the  process  of  residue 
decomposition.  As  adsorption  of  NH4+-N  is  calculated  in  REMM,  all  unadsorbed 
mineral  nitrogen  is  assumed  to  be  available  for  microbial  utilization.  Multiplying 
inorganic  nitrogen  in  equation  6.17  by  (&,  x  CRes,,)  I  [2(&,  *  CRes,,)]  serves  to 
divide  the  available  mineral  nitrogen  between  the  residue  pools  based  on  their 
relative  rates  of  decomposition. 

An  effective  carbon/phosphorus  ratio  is  calculated  as  a  function  of  phosphorus 
content  in  the  residue  and  labile  inorganic  phosphorus  pools: 

CResu 


i+inorgPj  k   x  CRes., 

£(*,.  x  CRes.) 

i=l 

where,  on  day  t: 

PRes,,  is  phosphorus  in  residue  pool  i  (kg  ha"1),  and 

Plbl  is  inorganic  labile  phosphorus  (kg  ha"1). 

Humus  Pools  The  amount  of  carbon  in  humus  is  a  function  of  residue  decomposition  and 

turnover  (mineralization  and  immobilization)  of  carbon  in  the  humus.  Bremner 
(1965)  estimated  that  during  the  growing  season,  there  is  a  net  mineralization  of 
1  to  3  percent  of  the  soil  organic  nitrogen.  Soil  organic  matter  has  been 
characterized  as  having  active  and  stable  components.  The  older  fractions  may 
be  over  3,000  years  old  (Jenkinson  and  Rayner  1977).  In  REMM,  based  on  the 
Century  model  (Parton  et  al.  1987),  plant  residues  are  decomposed  into  three  soil 
organic  matter  pools:  (1)  an  active  pool  of  biomass  and  metabolites  of  biomass 
with  a  rapid  decay  rate;  (2)  a  slow  pool  of  organic  matter  that  has  been  partially 
stabilized  either  chemically  or  else  physically  by  adsorption  or  entrapment  within 
soil  aggregates  (Paul  and  van  Veen  1978);  and  (3)  a  passive  pool  of  chemically 
stabilized  organic  matter  having  a  very  slow  decay  rate.  The  mass  balance  for 
carbon  in  the  humus  pools  is — 
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CHumjt  =  CHumjt_x  +  CHumDissInjt  +  CHumErosInJt  +  CHumBurlnjt 

+  CHumSoilDepInj.t  +  CHumSoilUpInjt  +  CS^n,.,  -  CHumDiss0utjt 

"  CHumEros0utJJ  -  CHumBur0utjt  -  CHumSoilDep0utJt  -  CHumSoilUp0utjt  L6-18J 


-  CHumRj( 


where,  in  humus  pool y  (active,  slow,  or  passive)  on  day  f: 

CHumJt  is  carbon  (kg  ha-1); 

CHumDlssInjl  and  CHumDlss0ulJt  are  incoming  and  outgoing  dissolved  carbon, 
respectively  (active  humus  pool  only)  (kg  ha-1); 

CHumEroslnjl  and  CHumEros0ulJI  are  undissolved  carbon  in  incoming  and  outgoing 
sediment,  respectively  (litter  layer  and  upper  soil  layer  only)  (kg  ha"1); 

CHumBurlnjl  and  CHumBur0utJI  are  carbon  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha-1); 

CHumSoiIDepInjl  and  CHumSoilDep0ulJI  are  carbon  incorporated  into  the  upper  soil 
layer  and  removed  from  the  litter  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

CHwnSoilUplnjl  and  CHumSoilUp0utJt  are  carbon  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

CSyrij,  is  carbon  synthesized  into  humus  (kg  ha-1);  and 

CHumR/t  is  carbon  released  from  humus  (kg  ha-1). 


All  residue  except  the  lignin  fraction  of  the  structural  residue  is  subject  to 
resynthesis  into  the  active  humus  pool.  The  lignin  fraction  is  transformed  into 
the  slow  humus  pool  (Parton  et  al.  1987).  Carbon  from  the  active  humus  pool  is 
resynthesized  into  the  slow  and  passive  humus  pools.  Carbon  from  the  slow  pool 
is  resynthesized  into  the  active  and  passive  humus  pools.  Carbon  from  the 
passive  pool  is  resynthesized  into  the  active  pool  (figure  6.1)  (Parton  et  al.  1987). 
The  total  amount  of  carbon  synthesized  into  each  humus  pool  is  the  sum  of  all  of 
the  individual  sources  of  carbon  multiplied  by  efficiencies  of  resynthesis.  All  of 
the  carbon  synthesized  into  the  passive  pool  comes  from  the  other  humus  pools: 

CSynpasJ  -  FPasact  x  CHumRaclt 

+  FPassl0W  x  CHumRslowJ  [bA^ 
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where,  on  day  t: 

CSyn    ,  is  carbon  synthesized  into  the  passive  soil  organic  matter  pool  (kg  ha"1), 

FPasacl  and  FPas,!ow  are  proportions  of  mineralized  carbon  that  are  stabilized  into 
the  passive  pool  from  the  active  (set  at  0.004)  and  slow  (set  at  0.03)  soil 
organic  matter  pools,  respectively  (Parton  et  al.  1987),  and 

CHumRacll  and  CHumRslown  are  amounts  of  carbon  released  from  the  active  and 
slow  soil  organic  matter  pools,  respectively  (kg  ha-1). 

The  carbon  synthesized  into  the  active  and  slow  humus  pools  is  the  sum  of 
carbon  coming  from  decomposed  residue  and  the  other  humus  pools: 

CSynacu  =  ^"^/(fromresidue),/  +  ^'Wrom  humus),/  [6-20] 


CSynslmv,    ~   CSynsi0W(fr0mTesid\ie),t  +  ^ynslow(fromhumns),t  [6-21] 

where,  on  day  t: 

CSynacll  and  CSynslowt  are  amounts  of  carbon  synthesized  into  the  active  and  slow 
soil  organic  matter  pools,  respectively  (kg  ha"1); 

CS.V'Wrom  residue),,  and  CSynstow(hom  res.due),/  are  amounts  of  carbon  synthesized  into 
the  active  and  slow  soil  organic  matter  pools,  respectively,  from  residue 
(kg  ha'1);  and 

CSynacl{f[om  humu4,  and  CSynslow{Uom  humus)>/  are  amounts  of  carbon  synthesized  into 
the  active  and  slow  soil  organic  matter  pools,  respectively,  from  humus 
(kg  ha"1). 

Loss  of  carbon  (determined  by  the  efficiency  factors)  as  turnover  occurs  between 
the  humus  pools  ensures  that  the  amounts  of  nitrogen  and  phosphorus  released 
will  always  exceed  the  amount  required  for  resynthesis  with  carbon.  So,  carbon 
resynthesized  into  the  active,  slow,  and  passive  pools  from  turnover  of  the 
humus  pools  will  not  be  limited  by  available  nitrogen  and  phosphorus.  Carbon 
resynthesis  into  the  active  and  slow  pools  from  humus  turnover  is  calculated  in  a 
similar  manner  as  for  the  passive  humus  pool  (Parton  et  al.  1987): 

^^(fromhumus),,    =    CHumRslo^Eslo,    ~   FPaSslJ  r,  ^ 

+  CHumR     ,  x  E  L°-ZZJ 

pas, I  pas 
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CSynslow({,omhumus)J  =  CHumRactt  x  (^  -  FPasJ  [6.23] 

where,  on  day  t: 

CHumRacu,  CHumRslown  and  CHumRpasl  are  amounts  of  carbon  released  from  the 
active,  slow,  and  passive  soil  organic  matter  pools,  respectively  (kg  ha"1); 
and 

Eacl,  Eslow,  and  Epas  are  efficiencies  of  synthesis  of  carbon  from  active,  slow,  and 
passive  soil  organic  matter,  respectively  (nondimensional). 

Since  the  carbon/nitrogen  and  carbon/phosphorus  ratios  in  plant  residue  may  be 
much  higher  than  the  corresponding  ratios  in  the  humus  pools,  it  is  possible  that 
available  nitrogen  or  phosphorus  may  be  less  than  the  amount  required  for 
resynthesis  with  carbon  from  residue.  In  that  case,  resynthesis  of  carbon  from  the 
residue  pools  into  the  humus  pools  would  stop.  Any  excess  carbon  is  assumed  to 
be  lost  as  C02  gas  (Alexander  1977).  Therefore,  for  carbon  synthesized  from  the 
residue,  the  potential  carbon  synthesis  is  distinguished  from  the  actual: 

PotCSynacl{ftomresidue)t  =  CResRmbt  x  Emb 

+  CResR  x  E  {o.Z4\ 


PotCSynslow{{romTesidue)t  =  CResRs{c{Ug)t  x  Estc(hg)  [6.25] 

where,  on  day  t: 

PotCSynacl{{Tom  resldue),  and  PotCSynslow(imm  residue),  are  potential  amounts  of  carbon 
that  can  be  synthesized  from  residue  into  the  active  and  slow  humus  pools, 
respectively,  if  nitrogen  or  phosphorus  is  not  limiting  (kg  ha"1); 

CResRmlbn  CResRstcfnon_Ug)l,  and  CResRslc(hg)l  are  amounts  of  carbon  released  from 
metabolic  litter  and  nonlignin  and  lignin  portions  of  structural  litter, 
respectively  (kg  ha"1);  and 

Emhi  Eslc(nonMg),  and  Estc(lig)  are  efficiencies  of  synthesis  for  carbon  from  metabolic 
litter  and  nonlignin  and  lignin  portions  of  structural  litter,  respectively 
(nondimensional). 

Subtracting  the  efficiency  value  from  1  indicates  the  proportion  of  carbon 
respired  as  C02  in  the  turnover  process  if  nitrogen  or  phosphorus  is  not  limiting. 
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The  efficiency  value  is  largely  a  function  of  the  type  of  microbial  organisms 
attacking  the  humus  pool  (Alexander  1977).  The  values  of  efficiencies  used  in 
REMM  are  given  in  table  6.5.  The  influence  of  soil  texture  is  reflected  in  the 
efficiency  value  for  the  turnover  of  carbon  from  the  active  soil  organic  matter 
pool.  Jenkinson  et  al.  (1987)  made  similar  adjustments  for  soil  texture  in  the 
Rothamsted  model.  Heavier  soils  result  in  a  greater  carbon  turnover  efficiency 
(Sorensen  1975,  1981).  Heavier  soils  also  tend  to  physically  protect  soil  organic 
matter  from  attack  (Amato  and  Ladd  1992).  This  is  reflected  in  the  adjustment  of 
carbon  mineralization  rate  in  table  6.4. 

When  carbon  is  resynthesized  into  humus  pools  from  decomposing  residue,  the 
corresponding  amounts  of  nitrogen  and  phosphorus  that  are  immobilized  must  be 
less  than  or  equal  to  the  nitrogen  and  phosphorus  available  from  all  inorganic 
and  organic  sources.  Much  of  the  nitrogen  and  phosphorus  needed  for  synthesis 
with  carbon  comes  from  the  residue  pools  being  decomposed.  However,  if  these 
are  not  sufficient,  additional  inorganic  nitrogen  and  phosphorus  will  be  used  if 
available.  Otherwise,  lack  of  sufficient  nitrogen  or  phosphorus  may  limit  the 
amount  of  carbon  that  can  be  resynthesized  into  the  humus  pools. 

In  equation  6.26,  total  carbon  synthesis  is  calculated  three  ways — based  on 
amounts  of  available  carbon  from  residue,  of  nitrogen  available  for  synthesis 
with  carbon,  and  of  phosphorus  available  for  synthesis  with  carbon.  Calculation 
of  the  amounts  of  carbon  from  residue  that  could  be  synthesized  with  a  given 
amount  of  nitrogen  or  phosphorus  is  based  on  the  carbon/nitrogen  and 
carbon/phosphorus  ratios  of  the  active  and  slow  humus  pools,  weighted  by  the 
proportions  of  carbon  from  residue  that  would  be  synthesized  into  each  pool. 
The  actual  amount  of  total  carbon  synthesized  into  the  humus  pools  from  residue 
is  determined  by  the  most  limiting  element  (carbon,  nitrogen,  or  phosphorus): 


3 

£  CSynJ(fromresidue)t  =  Minimum  of: 

PotCSynacl{fromresjdue)t  +  PotCSynslow(fromresidue)t  [6.26] 

AvailNSyn{Cfromresidue)t  [CNRaa  x  PotCSynRatioactt  +  CNRslow  x  PotCSynRatio^ 
AvailPSyn{Cfromresidue)J  [CPRact  *  PotCSynRatioMU  +  CPRslow  -  PotCSynRatiosloJ 


where,  on  day  t: 

CSynj(fromresidue)t  is  carbon  from  residue  synthesized  into  humus  pooly  (kg  ha"'); 
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AvailNSyn(Cfromresldueht  and  AvailPSyn(CfromresiJue)l  are  nitrogen  and  phosphorus, 
respectively,  available  for  synthesis  of  carbon  released  from  residue  on  day  / 
(kg  ha"1);  ' 

CNRacl  and  CNRslow  are  the  carbon/nitrogen  ratios  of  the  active  and  slow  humus 
pools,  respectively; 

CPRacl  and  CPRsluw  are  the  carbon/phosphorus  ratios  of  the  active  and  slow 
humus  pools,  respectively;  and 

PotCSynRatioacu  and  PotCSynRatioshwt  are  potential  proportions  of  carbon  from 
residue  that  could  be  synthesized  into  the  active  and  slow  humus  pools, 
respectively. 

After  determining  the  total  amount  of  carbon  to  be  resynthesized  from  the 
residue,  the  carbon  is  then  distributed  between  the  active  and  slow  humus  pools: 


If 


3 


2^  CSynj{fromresidue)t  <  P°t(~Synact{fromresJdue)t  +    "ot^ynsiow(jr0mresidue)t 

7  =  1 

Then 

3 

CSynac«romresldue)    =    £  C^jifron, rescue) J    *    PotCSynRatiO^ 
7  =  1 

And 

3 

CSynslovVromresidue)    =    £  CSynjVromresidue),l   *   ^tCSynRatiOslmJ 

7  =  1 

Else 

^ynact{fromresidue)    =    "  0t^yn  act(from  residue)! 

And 

^^ynslow(from residue)    "    P0t^^ynslow(fromresidue)t 


[6.27] 


[6.28] 


[6.29] 


The  amounts  of  nitrogen  and  phosphorus  available  for  synthesis  of  carbon  from 
residue  are  the  sums  of  all  sources  minus  the  portions  immobilized  by  turnover 
among  humus  pools: 
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[6.30] 


[6.31] 


AvailNSyn(Cfromresidue)t  =  t(CResRit/CNR)  +  ^{CHumR.JCNR) 

~    t  (CSynMomhumuslt/CNRp  +  AMm^  +  WTtf, 

7=1 

^v^7P^(C/row^e)/  =  £{CResRJCPR)  +  £  (CHumRJt  /  CPR) 

3 

-    2^(CSynjXfromhumus),t/CPRj)   +  P  lb(Diss),t 
7=1 

where,  on  day  f; 

CResR,,  is  carbon  released  from  residue  pool  /  (kg  ha"1),  and 

CHumR]t  is  carbon  released  from  humus  pooly  (kg  ha"1). 

The  potential  proportions  of  carbon  from  residue  synthesized  into  the  active  and 
slow  humus  pools  are  determined  by — 

r>    +/~ic       n    *■  y    actifrom  residue),! 

PotCSynRatwactt  =  +potCS  n [632] 

s    act(fromresidue),t  ?    slow(fromresidue),t 


PotCSynRatio  ,    ,  =  PotCSyns!oW{fromresidue),< 

y  stow,t       PotCS  .+PotCSyn,    ,,        ..  .,  l°""J 

J     act{Jromresidue),t  s    slow{from  residue),! 


The  release  of  carbon  from  the  humus  pools  is  computed  as — 
CHumRjt  -  kj  x  CHumjt  x  TFac,  x  WFacaerobwt  [6.34] 

where: 

&y  is  a  first-order  rate  constant  for  turnover  of  carbon  in  humus  pooly  (table  6.4). 
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Interactions  of  Carbon  can  dissolve  from  the  metabolic  residue  and  active  humus  pools  and  be 

Carbon  With  transported  in  water  movement.  The  amount  of  carbon  carried  out  of  the  litter 

Drainage  and  Runoff  layer  or  a  soil  layer  into  another  layer  by  runoff,  seep,  drainage,  or  subsurface 

Water  lateral  flow  is  a  function  of  water  volume  and  dissolved  carbon  concentration: 

CDissOut,t  =  CConcDlss,t  x   WOut,t  [6.35] 

where,  on  day  t: 

CoissOuu  1S  dissolved  carbon  in  any  outgoing  water  (that  is,  as  runoff,  seep, 
drainage,  or  subsurface  lateral  flow)  (kg  ha"1), 

CConcDlssl  is  the  concentration  of  carbon  dissolved  in  water  (kg  mm"1),  and 

Wouu  is  any  outgoing  runoff  water  (mm). 

The  concentration  of  dissolved  carbon  in  any  layer  is  determined  by  a 
relationship  from  McGill  et  al.  (1981): 


CConcn    .  =  Minimum  of 

Diss,t 


GJK 


0.00586  (100  Gt/QA  ,)0616  [6'36] 


where,  on  day  t: 

Gt  is  carbon  available  to  be  dissolved  (kg  ha"1),  and 

0At  is  available  water  (that  is,  the  current  moisture  content  minus  content  at 
wilting  point)  (mm). 

The  value  of  the  dissolved  carbon  concentration  is  constrained  because  at  very 
small  GJ0Al  ratios,  more  carbon  could  dissolve  than  would  be  available. 

Outgoing  dissolved  substances  are  simulated  differently  in  the  litter  and  soil 
layers.  In  the  litter  layer,  inputs  on  the  current  day  are  included  in  the  calculation 
of  the  current  day's  outgoing  concentrations.  The  sum  of  rain  throughfall, 
incoming  runoff,  and  snow  melt  inputs  is  mixed  with  material  on  the  ground 
surface  each  day  to  determine  dissolved  and  adsorbed  concentrations  in  water 
infiltrating  and  running  off  the  surface.  Unless  there  is  erosion  from  the  upper 
soil  layer,  the  calculations  of  dissolved/adsorbed  equilibriums  are  based  only  on 
the  interaction  of  incoming  water  and  sediment  with  the  litter  layer.  If  erosion 
occurs  from  the  upper  soil  layer,  the  equilibriums  are  determined  from  mixing 
down  to  the  depth  of  erosion.  Therefore,  the  runoff  water  will  include  dissolved 
material  from  the  upper  soil  layer  if  the  entire  litter  layer  gets  eroded  away.  The 
carbon  available  to  be  dissolved  in  the  litter  (GLtrl)  (kg  ha"1)  is — 
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[6.37] 
F 

Eros,Ltr,l  =  1 


CReSmtb,Ltr,t-\    +  (MHum    X    CHumKct,Ur^   +  CRa,nThruj     r 
+  r<  +  r<  Eros,Ltr,t  <  1 

SnowmeltJ  RunofflnJ 

r^  _ 

Ur,t  "  CResmtbt_x  +  (MHum  x  CHumRactt_x)  +  CWAn/>/ 

SnowmeltJ  RunofflnJ  Eros,Layerl,t 

where,  on  day  f: 

MWum  is  the  proportion  of  carbon  in  the  active  humus  pool  that  is  in  metabolic 
form, 

CRunofflnt  is  dissolved  carbon  in  incoming  runoff  water  (kg  ha"1), 

CRainThru,  is  dissolved  carbon  in  rain  that  penetrates  the  plant  canopy  to  the  litter 
surface  (rainfall  minus  canopy  interception)  (kg  ha"1),  and 

Csnowmeiu  *s  dissolved  carbon  in  snowmelt  (kg  ha"1). 

When  there  is  erosion  from  the  upper  soil  layer,  the  amount  of  dissolved  material 
that  is  removed  from  the  upper  soil  layer  can  be  determined  by  the  proportion  of 
its  contribution: 


C  -  C  x  F  x  \CRp<; 

^DissOut,Ltr(fromLayerl),l  DissOul,Ltr,l  Eros,Layerl,t         [  mtb, Layer  l,t-\ 

*  WHwn  x  CHumRaaUytr,tA)\  I  GLlr,  [638] 

When  runoff  water  removes  the  entire  litter  layer  (that  is,  when  FErosUrt  =  1),  the 
upper  soil  layer  is  involved  with  two  kinds  of  water  movement.  There  is  the  fast 
movement  of  runoff  water,  carrying  away  material  from  the  top  of  the  upper  soil 
layer.  Some  of  the  upper  soil  layer  material  dissolved  in  the  surface  water  will 
return  to  the  upper  soil  layer  as  infiltration  occurs.  There  are  also  the  slower 
drainage  and  lateral  water  movements  that  influence  all  of  the  soil  layers. 

For  water  moving  through  the  soil  layers,  the  concentration  of  dissolved 
materials  in  each  soil  layer  is  based  on  the  amounts  of  water  and  chemicals  in  the 
layer  at  the  end  of  the  previous  day  (equation  6.40).  During  the  current  day,  all 
water  movement  out  of  a  layer  is  assumed  to  be  at  that  concentration.  Another 
assumption  is  that  when  water  enters  a  zone  and  infiltrates  down  to  the  second 
soil  layer  on  the  same  day,  its  concentration  does  not  change  as  it  percolates 
through  the  upper  soil  layer. 
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G.  =  CRes 


mtb,t-\ 


(M 


x  CHumR   , 

Hum  act, 


r-i) 


[6.39] 


The  value  for  MHum  was  set  at  0.3 1 ,  based  on  an  estimate  by  McGill  et  al.  ( 1 98 1 ) 
for  the  proportion  of  dying  bacteria  in  metabolic  form.  The  amount  of  dissolved 
carbon  that  is  leached  from  residue  and  humus  in  each  layer  (litter  or  soil)  is 
determined  from  the  relative  amounts  of  carbon  in  those  pools  available  for 
dissolving: 


CRes 


DissOut,mtb,t 


1    - 


M„     x  CHumR   ,, 

Hum  actj 


c 

^  DissOutTotaLt 


[6.40] 


CHum 


M„      x  CHumR   ,, 

Hum  act,t 


DissOut%act,t 


x    C 


DissOutTotalj 


[6.41] 


where: 

CDl,sOuiroiaii  is  total  outgoing  dissolved  carbon  from  a  soil  or  litter  layer  on  day  t 
(kg  ha"1). 


Effect  of  Cultivation 


During  cultivation,  two  things  happen  in  REMM.  First,  all  litter  is  distributed 
through  the  depth  of  cultivation.  Then,  it  is  assumed  that  some  of  the  physically 
protected  organic  matter  in  the  slow  pool  will  be  liberated  into  the  active  pool. 
Simulation  of  this  effect  is  done  by  moving  40  percent  of  the  soil  in  the  slow 
humus  pool  into  the  active  pool.  This  is  similar  to  the  approach  by  Paul  and  van 
Veen  (1978).  Stevenson  (1986)  noted  the  increase  in  microbial  activity  that 
occurs  upon  cultivation.  Rather  than  trying  to  adjust  rate  coefficients,  the  effect 
is  simulated  by  increasing  the  amount  of  carbon  susceptible  to  decay. 
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Table  6.1.  Composition  of  needle  litter-fall  in  three  scotch  pine  stands  in  Ivantjarnsheden,  Sweden 

Ace- 
Water-      tone-  Hemi- 
Stand     soluble    soluble  Cellu-     cellu-    Klason 
age       fraction   fraction  lose       loses      lignin         N            P            K            S            Ca         Mg 


^yccusy 

Klll&  & 

ui_y    wv^ij 

iii,-j 

20-25 

134 

85 

269 

238 

271 

4.0 

0.21 

0.5 

— 

4.61 

0.37 

60 

158 

97 

278 

202 

265 

3.8 

0.20 

0.64 

0.43 

3.64 

0.35 

120 

155 

97 

285 

195 

268 

4.1 

0.27 

0.76 

0.44 

3.55 

0.38 

Source:  Berg  and  Staaf  1980 


Table  6.2.  Initial  composition  of  dry  leaf  litter  for  several  deciduous  species 

Species  Lignin  N  Lignin/nitrogen  ratio 


Pin  cherry 

193 

12 

16.1 

Beech 

241 

9 

26.8 

Paper  birch 

145 

9 

16.1 

Ash 

122 

9 

13.6 

Red  maple 

101 

7 

14.4 

Sugar  maple 

101 

6 

16.8 

Source:  Melillo  et  al.  1982 
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Table  6.3.  Lignin  concentrations  in  living  plants 


Tree  species 


Root 

diameter 

class 

(mm) 


Lignin 


Roots      Foliage 
(%) 


Reference 


Abies  amabilis 
Acer  saccharum 
Pinus  resinosa 
Pinus  strobus 
Pinus  sylvestris 

Pseudotsuga  menziesii 
Hardwood 


0-2 
0.5-3 

0-3 

0.5-3 

<1 

>1 

20-30 

<1 

1-2 

0-3 


56.1 
33.8 
21.7 
25.3 

51.8 

21.5 
21.0 

50 

38 


11.6 
10.1 


26.8 

26.0 
18.3 


22.6  — 


Vogt,  unpublished  results 

McClaugherty  et  al.  1980 

McClaugherty  et  al.  1980 

McClaugherty  et  al.  1980 

Berg  and  Staaf  1980 
Berg  and  Staaf  1980 
Baathetal.  1980 

Edmonds  1980 

Vogt,  unpublished  results 

McClaugherty  et  al.  1980 


Source:  Vogt  and  Bloomfield  1991 
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Table  6.4.  Values  of  rate  coefficients  (kj)  for  carbon  turnover  in  the  organic  matter 
pools 

Carbon  pool  Rate  (*,)  per  day 

Structural  litter  0.0134286 

Metabolic  litter  0.0500000 

Active  soil  organic  matter  0.02-0.015  x  Txt* 

Slow  soil  organic  matter  0.0005429 

Passive  soil  organic  matter  0.0000186 

Txt  is  the  fraction  of  silt  and  clay  in  the  soil  layer. 
Source:  Parton  et  al.  1987 
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Table  6.5.  Efficiency  values  for  carbon  turnover  from  the  organic  matter  pools 


Factor*  Value 


Emh  0.45 

slcfnon-ligmn  in  Inter  layer)  ' 
slcfnon-ltgnin  m  soil  layers) 

Estcflignin)  V./V 

Eaa  0.85  +  0.68  x  Txt+ 

Eslow  0.45 

Epas  0.45 


*mtb,  stc,  act,  slow,  and  pas  are  pools  of  metabolic  litter  and  structural  litter  and  active,  slow,  and 
passive     soil  organic  matter,  respectively. 


+  Txt  is  the  fraction  of  silt  and  clay  in  the  soil  layer. 


Source:  Parton  et  al.  1987 
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Carbon  pools 

Residue 

Humus 

Metabolic 
0.5  yr* 

Active 
1.5  yr 

Structureal 
3.0  yr 

Slow 
25  yr 

Passive 
1 ,000  yr 

*  Turnover  rate 


Figure  6.1.  Carbon  pools  in  REMM  (from  Parton  et  al.  1987) 
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litter 


Metabolic 
Residue 


Passive 
Humus 


Structural 
Residue 


Active 
Humus 


Figure  6.2.  Carbon  dynamics  simulated  in  REMM 


'1 


infraction 


Slow 
Humus 
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Chapter  7 

Soil  Nutrients:  Nitrogen 


Lee  S.  Altier,  Richard  Lowrance,  Randall  G.  Williams,  Shreeram  P.  Inamdar, 
and  Robert  K.  Hubbard 


Summary  Nitrogen  is  simulated  in  REMM  in  organic  pools  associated  with  soil  carbon, 

residue  carbon,  and  dissolved  carbon  and  as  the  inorganic  forms  ammonium 
and  nitrate.  Inputs  and  outputs  of  nitrogen  are  from  groundwater  (dissolved 
inorganic  and  organic),  surface  runoff  (dissolved  and  particulate  inorganic  and 
organic),  precipitation  (input  only)  ,  and  denitrification  (output  only).  Release  or 
immobilization  nitrogen  from  plant  residues  occurs  as  there  is  decomposition 
and  resynthesis  of  carbon.  Immobilization  of  nitrate  occurs  only  after  all 
available  ammonium  has  been  immobilized.  Inorganic  nitrogen  enters  and 
leaves  with  waterborne  fluxes.  Ammonium  can  be  generated  by  decomposition  of 
residue  and  humus.  The  ammonium  can  then  be  converted  to  nitrate  through 
nitrification,  which  is  limited  by  temperature,  moisture,  pH,  and  other  environ- 
mental factors.  Denitrification  from  soil  is  based  on  the  interaction  of  factors 
representing  soil  aeration,  temperature,  nitrate,  and  mineralizable  carbon. 

Nitrogen  is  simulated  in  the  Riparian  Ecosystem  Management  Model  (REMM) 
as  organic  and  inorganic  nitrogen  pools.  The  organic  nitrogen  pools  correspond 
to  the  carbon  pools  and  are  illustrated  in  figure  7.1 .  Organic  pools  are 
differentiated  on  the  basis  of  their  carbon  to  nitrogen  ratios  (carbon/nitrogen). 
Inorganic  nitrogen  is  the  sum  of  nitrogen  in  ammonium  and  in  that  nitrate.  The 
total  amount  of  nitrogen  in  each  soil  layer  is  the  sum  of  inorganic  and  organic 
components: 


NGrdt  =  Y/NResn  +  J^NHum     +  Y^NInorgkt  [7.1] 

i=l  j=\  k-\ 

where,  on  day  t: 

NGrd,  is  nitrogen  in  the  litter  or  soil  layer  (kg  ha"1), 

NReslt  is  nitrogen  in  residue  pool  i  (metabolic  or  structural)  (kg  ha"1), 

NHumj,  is  nitrogen  in  soil  organic  matter  pooly  (active,  slow,  or  passive) 
(kg  ha"1),  and 

NInorgkl  is  nitrogen  in  inorganic  pool  k  (ammonium  and  nitrate)  (kg  ha"1). 

Inputs  to  the  pools  in  organic  and  inorganic  nitrogen  forms  occur  from 
precipitation,  surface  runoff,  subsurface  flow,  sediment,  and  litter.  Figure  7.2 
illustrates  the  inputs,  losses,  and  fluxes  among  the  nitrogen  pools.  Each  of  the 
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fluxes  is  further  discussed  in  detail  in  the  following  sections.  Precipitation  can 
supply  organic  and  inorganic  forms  of  nitrogen.  The  nitrogen  concentration  of 
precipitation  is  a  user  input.  Precipitation  and  canopy  interception  were 
discussed  in  chapter  3 .  The  amount  of  nitrogen  reaching  the  ground  is  a  function 
of  its  concentration  and  the  amount  of  rain  penetrating  the  plant  canopies: 


"Precipe    -    0-01  NC°nCPreaP,n    *    <?™V t  '  H> 


[7.2] 


where,  on  day  t: 

NprecipThru.n.t ls  nitrogen  in  form  n  (nitrate,  ammonium,  or  organic)  that  reaches  the 
ground  surface  (kg  ha"1), 

0.01  is  a  conversion  factor, 

NConcPreapn  is  the  concentration  of  nitrogen  in  precipitation  in  form  n  (mg  L"1), 

Precip,  is  the  amount  of  precipitation  on  day  t  (mm),  and 

Int,  is  canopy  interception  (mm). 


Organic  Forms 


In  organic  matter,  nitrogen  is  assumed  to  be  stoichiometrically  related  to  the 
carbon  component.  So,  the  nitrogen  content  of  organic  matter  can  be  simply 
determined  from — 


NOrgt  = 


COrgt 
CNR. 


[7.3] 


where,  on  day  t: 

NOrgt  is  nitrogen  in  an  organic  matter  pool  (residue  or  humus)  (kg  ha"1), 

COrg,  is  carbon  in  an  organic  matter  pool  (kg  ha"1),  and 

CNR,  is  the  carbon/nitrogen  ratio  of  the  organic  matter  pool. 


Plant  Residues 


Similar  to  carbon,  nitrogen  accumulation  and  release  from  plant  residues  is  a 
function  of  litter  inputs  and  decomposition.  Nitrogen  release  from  plant  residues 
occurs  concurrently  with  microbial  decomposition  and  resynthesis  of  carbon  into 
the  soil  organic  matter  pools.  The  mass  balance  for  nitrogen  in  metabolic  residue 
is — 
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NReSmtb,t    =   NReSmtb,t-\    +  NResInPUtmtb,t  +  NReSDissIn,mtbj  +  NReS  Erasing 

+  NReSBurIn,mtbj   +  NReSSo,lUpIn.m,bj   "  NReS DtoOutMbj   "  NReS  ErosOu^bj  [7.4] 

"  NReSBurOut,mtb,   ~  NReS SclUpOut^bj   ~  NResRmtbj 

where,  in  the  metabolic  residue  component  on  day  t: 

NResmlbl  is  nitrogen  (kg  ha-1); 

NResInputmtbl  is  input  of  nitrogen  in  fresh  plant  residue  (kg  ha"1); 

NResDlssInmlbl  and  NResDlss0utmlbt  are  dissolved  nitrogen  in  incoming  and  outgoing 
water,  respectively  (kg  ha"1); 

NResEroslnmlbl  and  NResEros0ulmlbl  are  nitrogen  carried  in  and  out,  respectively,  in 
runoff  water  (in  litter  layer  and  upper  soil  layer  only)  (kg  ha"1); 

NResBurInmlbl  and  NResBur0utmtbl  are  nitrogen  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha"1); 

NResSoilUpJ„mlb>t  and  NResSotlUp0u[mlbt  are  nitrogen  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

NResRmlbl  is  release  of  nitrogen  as  NH4+-N  (kg  ha"1). 

In  any  incoming  water,  nitrogen  in  dissolved  metabolic  residue  corresponds  with 
sources  and  quantities  of  dissolved  carbon  in  the  residue: 


NResn    ,     ,,  ,  =    V 

s=l 


CRes 

^■^^Dissln,mtb,sj 
DissSource  ,mtb  ,s,t ) 


where,  on  day  t: 


[7.5] 


NResDlssIn  mtb ,  is  nitrogen  in  dissolved  metabolic  residue  in  an  incoming  water 
flow  (runoff,  seep,  drainage,  or  subsurface  lateral  flow)  (kg  ha"1), 

CResDlsslnmtbsl  is  dissolved  metabolic  carbon  from  source  s  (kg  ha^1),  and 

CNRDlssSourcemtbsl  is  the  carbon/nitrogen  ratio  of  incoming  dissolved  metabolic 
residue  from  source  s. 

The  mass  balance  for  nitrogen  in  structural  plant  residue  is — 
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NResstcj  =  NResstc,t-i  +  NResInputstct  +  NRes  Eroslns[ct  +  NRes  Bur!nslct 

+  NReSSo,lUPIn,Slc,t   ~  NReSErosOuUstcj   '  NReS BurOutMC  [7.6] 


-  NReSSoilUpOut,stc,t  ~  NResRs,c,t 


where,  in  structural  residue  on  day  t: 

NResslcl  is  nitrogen  (kg  ha"1); 

NResInputslcl  is  input  of  nitrogen  in  fresh  plant  residue  (kg  ha"1); 

NResErosInslcl  and  NResEros0ulxlcl  are  nitrogen  carried  in  incoming  and  outgoing 
runoff  water,  respectively  (litter  layer  and  upper  soil  layer  only)  (kg  ha-1); 

NResBurlnswl  and  NResBur0uulcl  are  nitrogen  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha"1); 

NResSoilUpInslcJ  and  NResSoilUp0ulstcJ  are  nitrogen  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

NResRslcl  is  release  of  nitrogen  (kg  ha-1). 

Quantities  of  nitrogen  in  fresh  litter  entering  the  structural  residue  pool  are 
determined  by  the  proportion  of  fresh  litter  that  is  structural  and  the 
carbon/nitrogen  ratio  of  structural  residue.  Remaining  nitrogen  in  fresh  litter  is 
allocated  to  the  metabolic  residue  pool  (Parton  et  al.  1987): 


NResInputstct  -  £  £  (CResInputwvt  x  FLlHnputm  I  CNRstc)  [7.7] 

v=l  w=l 


NResInputmtbt  =  NResInputt  -  NRe s Input stc  t  [7.g] 

where: 

CResInputwvl  is  carbon  in  fresh  litter  input  from  part  w  of  plant  type  v  on  day  t 
(kg  ha"1)', 

F urinput.stc.w.v.t  *s  me  fraction  of  structural  component  in  fresh  litter  input  from  part 
w  of  plant  type  v  on  day  t,  and 

CNRstc  is  the  carbon/nitrogen  ratio  of  the  structural  residue  (fixed  at  150). 
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The  value  of  the  carbon/nitrogen  ratio  for  the  metabolic  residue  depends  on  the 
quantity  of  nitrogen  allocated  to  that  pool: 

CRes  ,,, 

/^i-kTTt  mtb,t 

where: 

CNR  is  the  effective  carbon/nitrogen  ratio, 

CRes,,  is  the  change  in  carbon  in  plant  residues  (kg  ha"1),  and 

NRes,,  is  the  change  in  nitrogen  in  plant  residues  (kg  ha"1). 

So/7  Humus  Amounts  of  nitrogen  in  the  humus  pools  correspond  with  the  immobilization  and 

mineralization  of  carbon.  The  mass  balance  for  nitrogen  in  each  of  the  humus 
pools  is — 


NHumjt  =  NHum]t_x  +  NAmlmmobjl  +  NNitImmobjt  +  NHumDisslnJt  +  NHumEroslnjJ 
+  NHumBurlnjt  +  NHumSoilDepInjt  +  NHumSmWp]njt  -  NHumRjt 

~  NHumDlssOutJJ   -  NHumErosOutj,t   "  NHumBurOutjJ   ~  NHumSo,lDepOutjS 

-  NHumSoilUp0ut 


[7.10] 


where,  in  humus  pool/  on  day  /v 

NHurrij,  is  nitrogen  (kg  ha"1); 

NHumDisslnJl  and  NHumDlss0ulJI  are  incoming  and  outgoing  dissolved  nitrogen, 
respectively  (active  humus  pool  only)  (kg  ha"1); 

NHumErosInjt  and  NHumEros0ulJl  are  undissolved  nitrogen  in  incoming  and 
outgoing  sediment,  respectively  (litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

NHumBurlnJt  and  NHumBur0ulJI  are  nitrogen  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha"1); 

NHumSoilDeplnjl  and  NHumSoilDep0ulJJ  are  nitrogen  incorporated  into  upper  soil  layer 
and  removed  from  the  litter  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 
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NHumSmlUpInjt  and  NHumSoilUp0ulJI  are  nitrogen  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

NHumRj,  is  nitrogen  released  from  humus  (kg  ha-1). 

Inorganic  Nitrogen        Besides  entering  the  soil  in  precipitation,  inorganic  nitrogen  is  released  in  the 

form  of  ammonium  as  organic  matter  is  mineralized  by  microbial  activity.  If  not 
immediately  reimmobilized  in  organic  matter  or  taken  up  by  plant  roots,  NH4+-N 
is  subsequently  converted  by  microbial  activity  to  N03"-N. 

Ammonium  The  mass  balance  for  NH4+-N  is  calculated  as — 

Nitrogen 

NAmt  =  NAmt_x  +  NAmFmt  +  NAmDiaInJ  +  NAmErosInt  +  NAmBwlnt  +  NAmSoilDepInJ 


2  3  3 

+  NAm^  .„,  ,     +  Y  NResR  ,  +  Y  NHumR  ,  -  Y  NAm,      ,.-  NAmn  , 

Soiluplnj        /—^  i,I        /-^  j,t        i-^i  lmmobj,t  Uplkj 

i=l  ;=1  ;=1 

"  NAmD,ssOuU   ~  NRNiU   -  NAmErosOuU   "  NAmBurOutj   "  NAmSoilDepOuij 

~  NAmSo„UpOuU 


[7.11] 


where,  on  day  t: 

NAmt  is  NH4+-N  pool, 

NAmFeru  is  NH4+-N  from  fertilizer  (litter  layer  only)  (kg  ha"1); 

NAmDlss!nl  and  NAmDlss0uu  are  incoming  and  outgoing  dissolved  NH4+-N, 
respectively  (kg  ha-1); 

NAmErosInt  and  NAmEros0ull  are  NH4+-N  on  sediment  carried  in  incoming  and 
outgoing  runoff  water,  respectively  (in  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

NResR, ,  is  NH4+-N  mineralized  from  residue  pool  i  (metabolic  or  structural) 
(kgha-1); 

NHumRj ,  is  NH/-N  mineralized  from  humus  pool  j  (active,  slow,  or  passive) 
(kgha"1); 

NAmlmmobjl  is  immobilization  of  NH4+-N  into  humus  pool;  (kg  ha"1); 

NAmUplkl  is  plant  uptake  of  NH4+-N  (kg  ha"1); 

NRNlu  is  NO"3-N  produced  from  nitrification  of  NH4+-N  (kg  ha-1); 
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NAmSodDepln,  and  NAmSoilDep0ull  are  nitrogen  incorporated  into  upper  soil  layer  and 
removed  from  the  litter  layer  (kg  ha-1);  and 

NAmSollUpln,  and  NAmSo,lUp0ull  are  nitrogen  moved  into  the  litter  layer  and  removed 
from  the  upper  soil  layer  (kg  ha-1). 

Nitrogen  is  released  in  ammonium  as  organic  matter  decomposes.  Its  release 
corresponds  with  rates  of  carbon  mineralization  from  the  litter  and  humus  pools: 


2    CResRit 

NResR ..  ■■■  V ^ 

m     CNRn 


I.! 


[7.12] 


3    CHumR  , 

NHumR  .,  =  V J-± 

JJ      pi      CNR 


[7.13] 


where: 

CNR,,  is  the  carbon/nitrogen  ratio  of  residue  pool  i  on  day  t,  and 

CNR/  is  the  carbon/nitrogen  ratio  of  humus  pooly'. 

The  structural  carbon/nitrogen  ratio  is  fixed  at  150.  The  metabolic  residue 
carbon/nitrogen  ratio  is  calculated  in  equation  6.16.  The  humus  carbon/nitrogen 
ratios  are  determined  based  on  inorganic  nitrogen  availability  (Parton  et  al. 
1993): 


CNR 


active 


Maximum 


15.0  -  0.625(NAm+NNit) 
3.0 


[7.14] 


CNR 


slow 


Maximum 


20.0  -  0A(NAm+NNit) 
12.0 


[7.15] 


CNR 


passive 


=  Maximum 


10.0  -  0.\5(NAm+NNit) 
7.0 


[7.16] 


Immobilization  of  NH/-N  (figure  7.2)  is  computed  as — 
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NAmDiss,< 


NAm,      ,  ,  =  Minimum  of  i 

ImmobJ 


5  [7.17] 

Y,(CSyn.</  CNR) 

I  7=3 


Any  outgoing  water  can  transport  dissolved  NH4+-N.  Dissolved  NH4+-N  that  is 
lost  from  a  layer  in  water  movement  is  computed  as — 

NAmD,ssOuU    =   NAmC°nCD,ssj    X    WOut,t  [7-18] 


where,  on  day  t: 

NAmDlss0utt  is  dissolved  NH4+-N  in  any  outgoing  water  (runoff,  seep,  drainage,  or 
subsurface  lateral  flow)  (kg  ha"'), 

NAmConcdlss!  is  dissolved  NH/-N  concentration  (kg  mm"1),  and 

W0uu  is  any  outgoing  water  (mm). 

Amounts  of  dissolved  and  adsorbed  NH4+-N  are  determined  in  REMM  by  a 
Freundlich  isotherm  from  Preul  and  Schroepfer  (1968): 

NAmConcadst  =  a  x  NAmConcDisst  [7.19] 


NAmTot,  -  OA(LyrThick,  *  BD,  x  NAmConc  ,  ,) 

■kt  a      r^  t  v    S  I  1  ads  A'  „ , 

NAmConcdissl  = [7.20] 


where,  on  day  t: 

NAmConc adsl  is  adsorbed  NH4+-N  concentration  (mg  kg"1), 

NAmConc Dlssl  is  dissolved  NH4+-N  concentration  in  incoming  runoff  water 
(kg  mm"1), 

NAmTot,  is  total  NH/-N  in  the  layer  available  for  dissolving  (kg  ha^1), 

a  and  b  are  adsorption  coefficients  (table  7.1), 
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LyrThickLlrl  is  thickness  of  the  litter  layer  (cm), 

BD,  is  bulk  density  (exclusive  of  plant  residue  for  litter  layer)  (g  cm-3), 

0.1  is  a  conversion  factor  (cm2  ha"1  x  kg  g"1  x  kg  mg"1),  and 

0,  is  soil  water  content  (mm). 

Equations  7.19  and  7.20  must  be  solved  simultaneously.  Since  Equation  7.19  is 
not  linear,  an  iterative  procedure  is  used  in  REMM  to  get  a  solution.  Values  of 
the  adsorption  coefficients  are  shown  in  table  7.1  for  three  soils. 

As  runoff  water  moves  into  the  litter  layer,  equilibriums  between  dissolved  and 
adsorbed  chemicals  are  shifted.  On  each  day,  equilibriums  must  be  recalculated 
after  incoming  runoff  but  before  outgoing  runoff  and  erosion  are  calculated.  The 
interaction  of  the  litter  layer  with  incoming  runoff  and  precipitation  water  must 
be  taken  into  account  for  determination  of  dissolved  NH/-N.  When  there  is 
erosion  from  the  upper  soil  layer,  that  layer  also  contributes  to  the  NH4+-N 
available  for  dissolution  in  runoff  moving  through  the  litter: 


NAmLrj-\    +  NAmRalnThruj   +  NAmSnoWmelu   +  NAmRunofflnJ 

NAmTotUrt  = 

NAmUr,,-\    +  NAmRalnThruj   +  NAmSn™melt,t   +  NAmRunofflnj 
+  FErosXayerl,t    *    NAmLayerlJ-l 


Fc       ,         <    1 

Eros.LtrJ 


F  =  1 

Eros,Ltr,t 


[7.21] 


where,  on  day  t: 

FErosLtrt  is  the  soil  fraction  (exclusive  of  plant  residue)  that  erodes  from  the  litter 
layer,  and 

FEros,Layeri,t ls  me  soil  fraction  that  erodes  from  the  upper  soil  layer. 

The  value  from  equation  7.21  is  used  to  calculate  dissolved  NH4+-N  lost  in 
overland  runoff  as  well  as  in  water  that  infiltrates  down  to  the  soil  layers. 

As  with  carbon,  when  there  is  erosion  from  both  the  litter  layer  and  the  upper 
soil  layer  (that  is,  when  FErosLlrt  =  1),  the  amount  of  dissolved  NH4+-N  lost  from 
the  upper  soil  layer  is  calculated  as  a  proportion  of  its  contribution: 

JJAm  =   NAm  X        ^os,Layerl,i Layer  l,t-\ 

nnrnDissOut,Ltr(fromLayerl),t         ly^rnDissOut,LtrJ  NAmTot  L'-ZZJ 
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where: 

NAmDiss0uair(fromLayerl)J  is  NH4+-N  from  the  upper  soil  layer  that  is  dissolved  in 
water  moving  out  of  the  litter  layer  on  day  t  (kg  ha  '). 

When  the  upper  soil  layer  contributes  material  to  outgoing  erosion  or  replaces 
material  lost  from  the  litter  layer,  some  of  the  dissolved  NH4+-N  calculated  in 
equation  7.22  (as  well  as  other  dissolved  substances)  from  the  upper  soil  layer 
will  return  to  the  layer  in  infiltrating  surface  water. 

Nitrate  Nitrogen  The  mass  balance  for  N03"-N  is — 

NNitt  -  NNitt_,  +  NNitFertt  +  NNitDissInt  +  NNitBurInJ  +  NNitSoilDep]nJ  +  NNit SoilUpInt 

+  iW?MM  -  NNitImmobJt  -  NNitDiss0utt  -  NitDmitt  -  NNitUptkJ  -  NNitBur0utJ  [7.23] 

-  NNit SoilDep0utj  -  NNitSoilUp0ut( 

where,  on  day  t: 

NNitFerl ,  is  N03 -N  from  fertilizer  (litter  layer  and  upper  soil  layer  only) 
(kgha-1); 

NNitDlssln,  and  NNitDlxs0uu  are  incoming  and  outgoing  dissolved  N03"-N, 
respectively,  (kg  ha-1); 

NNitImmobJJ  is  immobilization  of  N03~-N  into  humus  pooly  (kg  ha"1); 

NNitUptkl  is  plant  uptake  of  N03~-N  (kg  ha"1); 

NNitBurlnl  and  NNitBur0ull  are  N03"-N  in  eroded  sediment  (kg  ha"1); 

NNitSoilDeplnJ  and  NNitSoilDep0utl  are  N03"-N  moved  into  the  upper  soil  layer  and 
removed  from  the  litter  layer  (kg  ha"1); 

NNitSoilUplnl  and  NNitSoilUp0uu  are  N03"-N  moved  into  the  litter  layer  and  removed 
from  the  upper  soil  layer  (kg  ha"1);  and 

NRm,  is  N03"-N  produced  from  nitrification  of  NH4+-N  (kg  ha"1). 

Although  the  mass  balance  is  much  like  that  for  NH4+-N,  there  is  no  movement 
of  N03"-N  on  eroding  sediment.  It  is  assumed  that  when  there  is  surface  runoff, 
all  of  the  N03"-N  will  be  dissolved. 

The  determination  of  nitrification  follows  the  approach  of  Reuss  and  Innis 
(1977)  and  Godwin  and  Jones  (1991),  based  on  a  Michaelis-Menten  function 
described  by  McLaren  (1970): 
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NRmj  -  NAmt  x  kn 


[7.24] 


{EFact  x  4000  6^.,,  x  NAmConc  I  {LyrDepth  x  BD) 
90  +  100  9^va;//  x  NAmConc  I  {LyrDepth  x  BD) 


[7.25] 


£Fac,  =  Minimum  of  (WFac MrobicJi  TFact,  pHFacNj) 


[7.26] 


where,  on  day  t: 

kn  is  a  first-order  rate  coefficient  for  nitrification  (kg  kg"1  ha"1); 

EFac,  is  the  effect  of  environmental  factors  limiting  nitrification  (0-1  scalar); 

WFacaerobict  and  TFac,  are  rate  modification  factors  for  effects  of  moisture  and 
temperature,  respectively  (0-1  scalars,  equations  6.13  and  6.14);  and 

pHFacNut  is  the  effect  of  pH  on  nitrification  on  day  t: 


pHFac 


Nit 


0.307  pH  -  1.269 

1.00 

5.367  -  0.599  pH 


4.5  <  pH  <  7.0 
7.0  <  pH  <  1A 
1A  <pH<  9.0 


[7.27] 


Immobilization  of  nitrate  is  assumed  to  occur  only  after  all  available  NH4+-N  has 
been  immobilized: 


NNitImmob  t  =  Minimum  of  ' 


NNitt 

5 

Y,(CSyn    I  CNR)  -  NAmt 

[  /=3 


[7.28] 


This  is  constrained  so  that  0  <  NNitlmmobl  <  NNit,. 

The  capacity  for  soil  to  denitrify  is  often  more  limited  by  carbon  than  by  nitrate. 
Myrold  and  Tiedje  (1985)  suggest  that  nitrate  will  only  restrict  denitrifier 
biomass  under  very  low  conditions  of  nitrate  (<1  mg  N03"-N  per  kg  of  soil). 
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Denitrification  has  been  found  to  be  zero  order  with  respect  to  nitrate  at 
concentrations  above  2-5  mg  nitrogen  per  kg  of  soil  (Yoshinari  et  al.  1977, 
Webster  and  Goulding  1989).  Above  this,  the  biomass  of  denitrifiers  and  the 
denitrification  rate  are  controlled  by  the  carbon  content. 

The  rate  of  denitrification  is  also  affected  by  sources  of  carbon  in  the  soil. 
Readily  mineralizable  carbon  sources  added  to  soil  have  the  greatest  effect  of 
augmenting  denitrification  (Bremner  and  Shaw  1958).  Beauchamp  et  al.  (1980) 
found  denitrification  to  be  more  closely  correlated  with  the  quantity  of  total  soil 
carbon  than  with  amounts  of  carbon  extracted  with  water  or  barium  hydroxide. 
However,  Burford  and  Bremner  (1975)  and  Davidson  et  al.  (1987)  found  that  the 
quantity  of  readily  mineralizable  carbon  was  more  closely  correlated  with 
denitrification.  In  REMM,  simulation  of  denitrification  is  partially  a  function  of 
readily  decomposable  carbon.  This  carbon  is  defined  as  the  carbon  that  would  be 
decomposed  according  to  equations  6.9  and  6.32  under  optimal  conditions  of 
temperature  and  moisture  if  nonlimiting  amounts  of  nitrogen  and  phosphorus 
were  available. 

Since  denitrification  occurs  as  a  result  of  the  activity  of  facultative  anaerobes, 
conditions  that  reduce  soil  oxygen  content,  such  as  increasing  soil  moisture 
content,  tend  to  increase  denitrification.  Figure  7.3  illustrates  the  interaction  that 
can  occur  between  soil  moisture  and  readily  decomposable  carbon.  When  soils 
are  poorly  aerated,  rapid  decomposition  of  organic  matter  can  increase 
anaerobiosis,  resulting  in  enhanced  denitrification  (Walters  et  al.  1992).  This  can 
occur  in  microsites  as  microbial  respiration  depletes  oxygen  faster  than  the  rate 
of  oxygen  transport  (Greenwood  1961,  Khind  et  al.  1987).  In  simulating  this 
effect  in  REMM,  the  amount  of  readily  decomposable  carbon  augments  the 
effect  of  moisture  on  denitrification. 

Denitrification  is  calculated  as  the  function  of  the  interaction  of  factors 
representing  the  degree  of  anaerobiosis,  temperature,  N03"-N,  and  mineralizable 
carbon: 


NNitn    , .  =  Minimum  of  < 

Denit.t 


NNit. 


[7.29] 


kd  x  LyrDpth  x  AnaFact  x  TFacdenjt(  x  (a  x  NFact  +  CFac) 


where,  on  day  t: 

kd  is  rate  of  denitrification  under  optimal  conditions  (kg  cm"1  ha"1); 

LyrDpth  is  depth  of  soil  layer  (cm); 
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AnaFac,,  TFacdenitp  NFac,,  and  CFac,  are  factors  representing  the  effects  of 
anaerobiosis,  temperature,  N03"  and  mineralizable  carbon  on  denitrification 
(0-1  scalars);  and 

a  is  a  coefficient  determining  the  influence  of  nitrate  on  denitrification. 

The  potential  denitrification  rate  (kdenit)  is  the  maximum  rate  possible  with  an 
active  microbial  population  present  in  the  soil.  It  is  best  approximated  by 
denitrification  potential  measurements  (Tiedje  1982). 

The  anaerobic  factor  (AnaFacJ  is  representative  of  redox  potential  and  the 
predisposition  of  the  denitrifying  bacteria.  It  is  modeled  as  a  function  of  water- 
filled  pore  space  and  mineralizable  carbon.  The  relationship  between  water-filled 
pore  space  and  denitrification  rate  is  based  on  studies  by  Bremner  and  Shaw 
(1958)  and  Linn  and  Doran  (1984).  Denitrification  mostly  occurs  as  water-filled 
pore  space  rises  above  60  percent.  However,  the  response  is  lagged  in  order  to 
account  for  the  time  required  for  enzyme  production  by  the  bacteria.  Carbon  has 
a  relatively  greater  effect  on  anaerobiosis  as  the  soil  approaches  saturation 
(figure  7.4).  The  anaerobic  factor  is  calculated  as — 


AnaFact  =  Minimum  of 


1 0.4 

\xct 

WFact  x  (2  -  exp(-CurvCoef  :<  CM«M)) 


Maximum  of  \  yr    f  „   A„„r<„„  [7.30] 


x  AnaFact_x 


where: 

XCoef  is  a  coefficient  determining  the  maximum  possible  increase  in 
denitrification  due  to  increased  redox  potential  (unitless;  about  1.5), 

CurvCoef  is  a  coefficient  relating  the  amount  of  mineralizable  carbon  to  its  effect 
on  anaerobiosis  (unitless), 

CMin,  is  carbon  mineralization  on  day  t-\  (kg  ha"1),  and 

WFac,  is  a  factor  for  the  effect  of  water-filled  pore  space  on  denitrification  on 
day  t  (0-1  scalar): 

WFac        ,.  ,  =  Minimum  of  {  AAAA-,A/1        /nnQK  u/cd\  [7.3 1] 

anaerobic,!  0.000304  exp  (0.08 15  WFP) 
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where: 

WFP,  is  water-filled  pore  space  (%). 

The  temperature  factor  (TFacdemtl)  is  based  on  lab  studies  by  Stanford  et  al. 
(1975)  indicating  a  Q10  of  2  between  about  11  and  35  °C: 


0 

TFar  =  ^TSoilrTdenil,op)nQ 

lruLdenit,t         l 

1 


TSoil  <  0 


0  <  TSoil t  <  Tdem.opt  [7.32] 


T '    ,      <  TSoil 

aemt,opt  t 


where: 

Tdemt.opt ls  ^  optimal  temperature  for  denitrification  (set  at  35  °C). 

The  N03"  factor  is  determined  in  relation  to  an  upper  boundary  for  first-order 
rate  response  to  nitrate: 

NFact  =  Minimum  of  |  ^ ;  QimLev  [7-33] 

where: 

NNit,  is  NO3--N  (mg  kg"1),  and 

CritNitLev  is  the  critical  N03"-N  level  below  which  nitrate  limits  denitrification 
(mg  kg"1). 

Although  any  amount  of  mineralizable  carbon  can  influence  the  anaerobic  factor, 
carbon  is  assumed  to  only  have  a  direct  effect  on  the  denitrification  rate  when 
nitrate  is  above  the  critical  level: 


0 

CFac    - 

(1  -  a)(P  x  CMinPot)  /  (1  +  (3  x  CMinPot) 


NFact  <  1 

[7.34] 
NFact  >  1 


where: 

P  is  a  coefficient  determining  the  relative  influence  of  carbon  on  denitrification 
rate. 
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Mineralizable  carbon  is  estimated  as  the  amount  of  carbon  that  could  be  released 
from  plant  residue  and  soil  organic  matter  pools  on  a  given  day  under  optimal 
conditions: 

3  2 

CMinPott  -  £  (*         x  CHum)  +  £  (kRes ,  x  CResJ  [7.35] 

7=1  /=1 

where: 

kHumj  and  fc^.,  are  rate  coefficients  for  release  of  carbon  from  the  humus  and 
residue  pools,  respectively  (table  6.4). 

Figure  7.4  illustrates  the  relationship  of  denitrification  with  soil  carbon  content 
at  three  soil  moisture  levels  as  simulated  by  REMM. 
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Table  7.1.  Ammonium  adsorption  coefficients  for  several  soils 


Coarse 

Medium 

Fine 

Very  fine 

Adsorption 

Soil  type 

sand 

sand 

sand 

sand 

Silt 

Clay 

coefficients 

a             b 

--»(%). 

Zimmerman  sand 

8 

56 

31 

2 

1 

2 

1.1        0.972 

Hayden  silt 

0 

1 

1 

37 

51 

10 

7.0       0.766 

Milaca  clay 

8 

11 

16 

10 

21 

29 

20.0       0.631 

Source:  Preul  and  Schroepfer  1968 
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Nitrogen  pools 
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C/N  =  11 

Passive 
C/N  =  11 

Figure  7.1 .  Nitrogen  pools  in  REMM 
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Figure  7.2.  Fluxes  among  nitrogen  pools  in  REMM 
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Figure  7.3.  The  effect  of  water-filled  pore  space  and  two  amounts  of  mineralized  carbon  on  anaerobiosis 
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Figure  7.4.  Relationship  of  denitrification  to  soil  carbon  content  at  three  moisture  levels  as  simulated  in 
REMM 
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Chapter  8 

Soil  Nutrients:  Phosphorus 


Lee  S.  Altier,  Richard  Lowrance,  Shreeram  P.  Inamdar,  Randall  G.  Williams, 
and  Robert  K.  Hubbard 


Summary  Phosphorus  is  simulated  in  REMM  in  organic  pools  associated  with  soil  carbon, 

residue  carbon,  and  dissolved  carbon  and  as  three  functional  inorganic  pools 
(labile,  active,  and  stable).  Inputs  and  outputs  of  phosphorus  are  from 
groundwater  (dissolved  inorganic  and  organic),  surface  runoff  (dissolved  and 
particulate  inorganic  and  organic),  and  precipitation  (input  only).  Phosphorus  is 
associated  with  the  humus  and  residue  carbon  pools.  Simulation  of  inorganic 
phosphorus  is  based  on  the  EPIC  model.  Only  the  labile  pool  of  inorganic 
phosphorus  is  biologically  active  and  available  for  plant  uptake,  resynthesis  into 
organic  matter,  and  leaching.  Phosphorus  is  transformed  between  the  labile  and 
active  pools  and  the  active  and  passive  pools  based  on  first-order  rate  constants 
and  factors  for  temperature  and  moisture  effects.  Labile  inorganic  phosphorus  is 
partitioned  into  dissolved  and  adsorbed  forms  for  surface  runoff  transport  and 
interaction  with  the  litter  layer. 

Phosphorous  is  simulated  in  the  Riparian  Ecosystem  Management  Model 
(REMM)  as  a  combination  of  organic  and  inorganic  forms  (figure  8.1).  The 
organic  pools  include  those  in  litter  residue  and  in  humus.  Inorganic  pools  are 
defined  by  labile,  active,  and  stable  forms  of  phosphorus.  Organic  pools  are 
differentiated  on  the  basis  of  carbon-to-phosphorus  ratios  (carbon/phosphorus). 
The  total  amount  of  phosphorus  in  each  litter  or  soil  layer  is  the  sum  of  inorganic 
and  organic  components: 

2  3  3 

PGrdt  =  Y.PResu  +  T.PHumJt  +  HPInorSqt  [8-1] 

i=\  7=1  9=1 

where,  on  day  t: 

PGrd,,  is  phosphorus  in  a  litter  or  soil  layer  (kg  ha"1), 

PRes,,  is  phosphorus  in  residue  pool  i  (metabolic  or  structural)  (kg  ha-1), 

PHumj,  is  phosphorus  in  humus  pooly  (active,  slow,  or  passive)  (kg  ha"1),  and 

PInorgqt  is  phosphorus  in  inorganic  pool  q  (labile,  active,  or  stable)  (kg  ha"1). 

Inputs  of  phosphorus  occur  from  precipitation,  surface  runoff,  and  sediment. 
Figure  8.2  illustrates  the  inputs,  losses,  and  fluxes  between  phosphorus  pools.  A 
detailed  discussion  on  the  fluxes  is  provided  in  the  following  sections. 
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Phosphorus  reaching  the  soil  from  precipitation  is  given  by — 


P„      n  0.01  PConcp  x  (Precip,  -  Int,) 

1  PrecipThru,p,t  Precip, p         v  rt  t> 


[8.2] 


where,  on  day  t: 

P preapThru.pj  ls  nitrogen  in  form/?  (organic  or  inorganic)  that  reaches  the  ground 
surface  (kg  ha"1), 

0.01  is  a  conversion  factor, 

PConcPrecipp  is  the  concentration  of  phosphorus  (mg  L"1)  in  precipitation  in 
form/?, 

Precip,  is  the  amount  of  precipitation  on  day  t  (mm),  and 

Int,  is  canopy  interception  (mm). 


Organic  Forms 


As  with  nitrogen,  phosphorus  is  tied  up  in  all  five  of  the  organic  matter  pools  in 
the  model.  Thompson  et  al.  (1954)  and  Sharpley  et  al.  (1984)  found  linear 
relationships  between  organic  phosphorus,  organic  carbon,  and  total  nitrogen  in 
studies  of  various  soils.  Thompson  et  al.  (1954)  also  observed  positive  correla- 
tions between  the  mineralization  of  carbon,  nitrogen,  and  phosphorus.  In 
REMM,  phosphorus  is  assumed  to  be  stoichiometrically  related  to  the  carbon 
component: 


POrgt 


COrgt 
CPR. 


[8.3] 


where,  on  day  t: 

POrg,  is  phosphorus  in  an  organic  matter  pool  (residue  or  humus)  (kg  ha"1), 

COrg,  is  carbon  in  the  organic  matter  pool  (kg  ha"1),  and 

CPR,  is  the  carbon/phosphorus  ratio  of  the  organic  matter  pool. 


Plant  Residues 


The  mass  balance  of  phosphorus  in  residue  is- 


PRes  ,  =  PRes  ,  ,  +  P  Res  Input  ,  +  PResn    ,  .    +  PResP    ,    , 

/,/  i,t-\  r      ,t  Dissln,t,t  ErosIn,i,t 

+  PReSBurln,ht  +  PReS SoUVpInsJ   ~  PReS D.ssOuUj  ~  PReS ErosOut^ 


[8.4] 


-  PRes 


BurOuUJ 


PRes,  ,,,  n  ,.-  PResR  , 

SoilUpOut,i,t  ij 
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where,  in  residue  component  i  (metabolic  or  structural)  on  day  t: 

PRes,,  is  the  total  residue  phosphorus  (kg  ha"1); 

PResInput,,  is  input  of  phosphorus  in  fresh  plant  residue  (kg  ha-1); 

PResDissInil  and  PResDlss0ullt  are  dissolved  phosphorus  in  incoming  and  outgoing 
water,  respectively  (metabolic  residue  only)  (kg  ha"1); 

PResErosInil  and  PResEros0ulll  are  phosphorus  carried  in  and  out,  respectively,  in 
runoff  water  (in  litter  layer  and  upper  soil  layer  only)  (kg  ha-1); 

PResBurInil  and  PResBur0ulll  are  phosphorus  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha"'); 

PResSoilUpInjt  and  PResSoilUp0ulll  are  phosphorus  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

PResRlt  is  release  of  phosphorus  (kg  ha"1). 

Most  of  the  values  in  equation  8.4  are  determined  based  on  the  carbon  pool 
(chapter  6)  and  carbon/phosphorus  ratios  (equation  8.3).  Fresh  residue  is  placed 
into  the  structural  pool  at  a  fixed  carbon/phosphorus  ratio.  All  remaining 
phosphorus  in  fresh  residue  inputs,  in  excess  of  that  needed  to  fulfill  the 
requirement  for  structural  residue,  is  placed  in  the  metabolic  residue  pool: 

P^lnpuuslct   -   CReSInP„«  X   FstJCPRstc  [8-5] 

PR™Input,mtb,t    =   PReSlnPuU  ~  PReS,nput,stc,  [8-6] 

where  CResInputl  is  the  total  carbon  in  fresh  residue  inputs  on  day  t  (kg  ha"1): 

Fstcl  is  the  fraction  of  carbon  in  fresh  residues  that  is  structural  on  day  t, 

CPRS[C  is  the  carbon/phosphorus  ratio  of  structural  residue  (set  at  500), 

PReslnpull  is  the  total  phosphorus  in  fresh  residue  inputs  on  day  t  (kg  ha"1), 

PReslnputslct  is  the  phosphorus  in  fresh  residue  entering  the  structural  pool  from 
day  t  (kg  ha"1),  and 

PResInpulmlbl  is  the  phosphorus  in  fresh  residue  entering  the  metabolic  pool  on 
day  t  (kg  ha"1). 
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Humus  Organic  phosphorus  in  the  soil  is  calculated  as  a  function  of  daily  mineralization 

and  synthesis.  The  mass  balance  for  organic  phosphorus  is  calculated  as — 

PHumjt  =  ?Hum.t_x  +  P]mmobjt  +  PHumDisslnjt  +  PHumEros]nJt  +  PHumBurInjt 

+  PHumSoilDepInj,t  +  PHumSoilUpInjt  -  PHumRjt  -  PHumDiss0utjt  [8.7] 

"  PHumEros0utjt  -  PHumBur0utjt  -  PHumSoilDep0utJt  -  PHumSoilUp0utJt 

where,  in  humus  pooly  on  day  f: 

PHurrij,  is  total  humus  phosphorus  (kg  ha"1); 

Pimmobji ls  labile  inorganic  phosphorus  immobilized  into  organic  matter  (kg  ha"1); 

PHumDisslnJt  and  PHumDlss0ulJl  are  incoming  and  outgoing  dissolved  phosphorus, 
respectively  (active  humus  pool  only)  (kg  ha"1); 

PHumEroslnJl  and  PHumEros0ulJl  are  undissolved  phosphorus  in  incoming  and 
outgoing  sediment,  respectively  (litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

PHumBurl  ,  and  PHumBur0utJl  are  phosphorus  buried  in  the  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for 
upper  soil  layer  and  litter  layer  only)  (kg  ha"1); 

PHumSodDeplnjl  and  PHumSoilDep0uljl  are  phosphorus  incorporated  into  upper  soil 
layer  and  removed  from  the  litter  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

PHumSotlUpInjl  and  PHumSoilUp0u[Jl  are  phosphorus  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  in  order  to  maintain  a 
constant  depth  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

PHumRjt  is  phosphorus  released  from  humus  (kg  ha"1). 

Unlike  immobilization  of  inorganic  nitrogen,  the  carbon/phosphorus  ratio  of 
newly  formed  organic  material  is  allowed  to  vary  depending  on  the  content  of 
labile  inorganic  phosphorus  in  the  soil.  This  approach  follows  the  Century  model 
(Parton  et  al.  1988)  and  is  based  on  concepts  of  McGill  and  Cole  (1981): 

PlmmobJ,    =   CSy\tICPRSynJt  [8.8] 

CPRWJ  =  fy  +  Wto  [8-9] 
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where: 

CSyrij,  is  carbon  synthesized  into  humus  pooly  on  day  t  (kg  ha-1), 

CPRSyrlJI  is  the  carbon/phosphorus  ratio  of  newly  synthesized  material  in  humus 
pool  j  on  day  r, 

a  and  /?  are  coefficients  (see  table  8.1),  and 

Plb ,  is  labile  inorganic  phosphorus  on  day  t  (kg  ha-1). 

The  release  of  phosphorus  from  the  soil  organic  matter  pools  corresponds  with 
carbon  mineralization: 


PHumR 


j,t 


CHumRt/CPR 


[8.10] 


where,  on  day  t: 

CHumRj,  is  carbon  mineralized  from  humus  pool  j  (kg  ha-1). 

The  carbon/phosphorus  ratios  for  the  pools  are  updated  after  new  organic  matter 
is  synthesized  each  day: 


CPR 


CHum     j  + 


CSyn 


j,i 


PHumJM  +  PImmobJt 


[8.11] 


where: 


CHumJt  ,  is  carbon  in  humus  pool/  at  the  end  of  day  M 


Inorganic  Nitrogen 


Simulation  of  inorganic  phosphorus  dynamics  is  taken  from  the  EPIC  model 
(Jones  et  al.  1984,  Williams  et  al.  1984)  in  which  three  pools  of  inorganic 
phosphorus  are  identified.  Only  the  labile  pool  is  biologically  available. 


Labile 


Phosphorus  that  mineralizes  from  organic  matter  (referred  to  as  labile  phospho- 
rus) is  available  for  plant  uptake,  resynthesis  into  soil  organic  matter,  leaching 
down  through  the  soil  profile,  or  stabilization  into  inactive  forms  of  inorganic 
phosphorus.  The  mass  balance  for  labile  phosphorus  is  determined  by — 
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p  p  +  p  +  p  +  p  +  p  +  p 

rlb,t    ~   rlb.t-\        r Fert,lb,t       r Disslnjbj  Erosln.lbj       l  Burlnjbj       A  SoilDepInJbj 

+  PsoiivPin,ib,t  +  t  PResRu  +  £  PHumRJt  -  £  PImmobJ,lb,t    ~  PUptkJb,t  [8.12] 

/=i  1=1  /=i 

-  P  -  P  -  P  -  P  -  P  -  R 

r  DissOutJbj        l  ErosOutJbj  BurOuiJbj        l  SoilDepOutJbj       x  SoilUpOutJbj       ^laj 

where,  on  day  t: 

PFertlbt  is  phosphorus  from  fertilizer  (litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

P Dissin.ib.i  an^  ^DissOuUb.t  are  incoming  and  outgoing  dissolved  labile  phosphorus, 
respectively  (kg  ha"!); 

PErosl„  ,b ,  and  V Eros0ui.ib,i  are  phosphorus  on  sediment  carried  in  incoming  and 
outgoing  runoff  water,  respectively  (in  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

Piiurin.ib.i  an^  PBurOui.ib.i  are  phosphorus  buried  in  the  upper  soil  layer  and  removed 
from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for  upper  soil 
layer  and  litter  layer  only)  (kg  ha'1); 

PsoiiDePin.ibj  ^d  P Soi,DepOu,ib.,  ^Q  phosphorus  incorporated  into  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  a  constant  depth  is  maintained 
in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only)  (kg  ha"1); 

P s0iiupin.ib.i  an<^  PsoiiupOuijb.t  are  phosphorus  moved  into  the  litter  layer  and  removed 
from  the  upper  soil  layer,  respectively,  as  a  constant  depth  is  maintained  in 
the  litter  layer  (for  litter  layer  and  upper  soil  layer  only)  (kg  ha-1); 

Puptkib.i ls  plant  uptake  of  phosphorus  (kg  ha-1);  and 

Rlal  is  transformation  from  labile  to  active  inorganic  phosphorus  (kg  ha-1). 

The  amount  of  labile  phosphorus  available  from  fertilizer  is  determined  by 
(Jones  etal.  1984) 


P  Fen. lb  J        * Fert.t        *  lb  [8.13] 

where,  on  day  t: 

PFerUbJ  is  the  amount  of  phosphorus  in  applied  fertilizer  (kg  ha-1),  and 

Flb  is  an  availability  index  (dimensionless). 

This  index  is  defined  as  the  proportion  of  labile  phosphorus  from  a  fertilizer 
application  remaining  in  a  soil  after  incubation  for  6  months.  Sharpley  et  al. 
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(1984)  have  estimated  values  of  the  availability  index  for  different  soils  based  on 
regression  analyses  (table  8.2). 

Active  Labile  inorganic  phosphorus  is  in  equilibrium  with  an  active  inorganic 

phosphorus  pool,  which  is  assumed  to  be  adsorbed  on  soil  material.  The  mass 
balance  for  the  active  pool  is — 

p        =  P  +  R      +  P  +  P  +  P  +P 

act,l  act,t-\  la,t  Erosln,actJ  Burln,act,t  SoilDepIn,act,t        SoilUpIn,act,t  ,„       .. 

-  R      -  P  -  P  -  P  -  P  L°-14J 

as,t  ErosOut,act,t  BurOut,act,t  SoilDepOut,act,t  SoilUpOut,act,t 

where,  in  active  inorganic  form  on  day  t: 
Pacll  is  phosphorus  (kg  ha"1); 

Pt>oSin,acu  and  P Emsout.ccu  are  phosphorus  on  sediment  carried  in  incoming  and 
outgoing  runoff  water,  respectively  (in  litter  layer  and  upper  soil  layer  only) 
(kg  ha-1); 

PBurInMCU  and  PBur0ui,act,t  are  phosphorus  buried  in  the  upper  soil  layer  and  removed 
from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for  upper  soil 
layer  and  litter  layer  only)  (kg  ha-1); 

PsoiiDepin.act.i  and  P soiiDepOut,act,t  are  phosphorus  incorporated  into  upper  soil  layer  and 
removed  from  the  litter  layer,  respectively,  as  a  constant  depth  is  maintained 
in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only)  (kg  ha-1); 

Pso.iupin.ua,  and  P soiiupOut.ac,.,  are  phosphorus  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  as  a  constant  depth  is 
maintained  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

Rasl  is  phosphorus  transformed  from  the  active  pool  to  the  stable  pool  (kg  ha-1). 

The  availability  index  is  used  to  initialize  the  size  of  the  active  pool  (Jones  et 
al.  1984): 

Pac„nlt    =    P,b,nAl    ~Flb)IFlb  [8-15] 

where: 

Pact.mu  and  Pib.mu  ^  amounts  of  phosphorus  in  the  active  and  labile  inorganic 
pools,  respectively,  at  the  beginning  of  the  simulation  (kg  ha-1). 

Transformations  of  phosphorus  between  the  labile  and  active  pools  are 
determined  by  (Jones  et  al.  1984) — 
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**,,  =  O'1^  -  WVO  -  Flb)WFacpt  x  FPFo^  [8.16] 

where,  on  day  t: 

Rlal  is  phosphorus  transformation  from  the  labile  to  active  inorganic  pools 
(kg  ha "'),  and 

0.1  is  a  first-order  rate  constant  for  optimal  temperature  and  moisture  conditions 
(day1). 

TFacpl  and  WFacpl  are  temperature  and  moisture  effects,  respectively: 
TFacpt  =  exp(0.1 15*730/1-2.8)  [8.17] 

where: 

TSOIL  is  the  average  daily  temperature  of  each  soil  layer. 

WFacpt  =  Minimum  of  j     /Q  [8.18] 

where: 

6,  is  soil  water  content  (mm),  and 

6FC  is  soil  water  content  at  field  capacity  (mm). 

A  negative  value  for  Rlal  indicates  transformation  from  the  active  to  the  labile 
pool. 

Figure  8.3  illustrates  an  example  of  how  the  size  of  the  active  phosphorus  pool 
can  vary  with  different  levels  of  labile  phosphorus.  Low  to  moderate  levels  of  the 
labile  phosphorus  pool  are  smaller  than  the  equilibrium  size  of  the  active 
phosphorus  pool.  As  additional  labile  phosphorus  is  added  to  the  soil,  relatively 
larger  proportions  of  phosphorus  stays  in  labile  form.  Maximum  size  of  the 
active  phosphorus  pool  depends  on  the  adsorption  capacity  of  the  soil.  Once  that 
capa-city  is  reached,  further  additions  of  labile  phosphorus  will  remain  in  labile 
form. 


Stable  The  third  pool  comprises  stable  forms  of  inorganic  phosphorus  adsorbed  on  the 

soil  in  equilibrium  with  the  active  pool  of  inorganic  phosphorus.  The  mass 
balance  for  stable  inorganic  phosphorus  is — 
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p       -   p  +  p      +  p  +  p  +  p  +p 

stbj  stb,t-\  asj  ErosIn,stb,t  Burln,stb,t  SoilDepln,stbj        Soil(Jpln,stb,t 

-   P  -    P  -   P  -   P 

ErosOitt,stb,t  BurOut,stb,t  SoilDepOut,slb,t  SoilUpOut,stbj 


[8.19] 


where,  in  stable  inorganic  form  on  day  t: 

Pstbl  is  active  inorganic  phosphorus  (kg  ha"1); 

Rasl  is  phosphorus  transformed  from  the  active  pool  to  the  stable  pool  (kg  ha"1); 

P Ewsin.stb.i  and  P EwsOui.sib.t  are  phosphorus  on  sediment  carried  in  incoming  and 
outgoing  runoff  water,  respectively  (in  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1); 

P Burin.sib.1  and  P BurOui.stb.t  are  phosphorus  buried  in  the  upper  soil  layer  and  removed 
from  the  litter  layer,  respectively,  as  net  sedimentation  occurs  (for  upper  soil 
layer  and  litter  layer  only)  (kg  ha"1); 

PSoiiDePin.stb,t  and  PsoiiDepOui.ub.t  mz  phosphorus  incorporated  into  the  upper  soil  layer 
and  removed  from  the  litter  layer,  respectively,  as  a  constant  depth  is 
maintained  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1);  and 

Psciupin.stb,  and  Pscupout.stb.i  are  phosphorus  moved  into  the  litter  layer  and 
removed  from  the  upper  soil  layer,  respectively,  as  a  constant  depth  is 
maintained  in  the  litter  layer  (for  litter  layer  and  upper  soil  layer  only) 
(kg  ha"1). 

The  amount  of  phosphorus  that  is  transformed  from  active  to  stable  inorganic 
forms  is  determined  by  (Jones  et  al.  1984) — 

*aM    =KasWPact,t-Pstb)  [8-20] 

where,  on  day  t: 

Rasl  is  phosphorus  transformation  from  active  to  stable  inorganic  forms  (kg  ha"1), 

Kas  is  a  first-order  rate  constant  (day"1),  and 

Pslbl  is  phosphorus  in  the  stable  pool  (kg  ha"1). 

A  negative  value  for  Rasl  indicates  transformation  from  stable  to  active  inorganic 
phosphorus. 

The  value  for  Kas  is  related  to  the  type  of  soil  (Jones  et  al.  1984): 
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0.00076 
Kas  =  exp(-1.77  Flb  -  7.05) 


Calcareous  soil 
Noncalcareous  soil 


[8.21] 


Phosphorus 
Adsorption  from 
Percolation  and 
Runoff  Water 


Sharpley  et  al.  (1981)  showed  that  there  can  be  rapid  removal  of  phosphorus 
from  runoff  water  by  adsorption  onto  surface  soil.  The  capacity  of  a  soil  to 
adsorb  phosphorus  is  related  to  its  texture.  Bowman  and  Savory  (1992)  found  an 
inverse  correlation  between  soil  sand  content  and  total  phosphorus.  They 
commented  that  although  phosphorus  may  be  immobile  in  the  short  term, 
gradual  movement  of  phosphorus  may  occur. 

Movement  of  phosphorus  can  occur  with  sediment,  surface  and  subsurface 
runoff,  and  vertical  drainage.  Organic-active  and  inorganic-labile  forms  of 
phosphorus  are  assumed  to  be  associated  with  sediment.  Dissolved  forms  of 
inorganic-labile  phosphorus  and  active-organic  phosphorus  move  with  water. 
Partitioning  of  phosphorus  into  dissolved  and  adsorbed  fractions  is  computed 
using  the  Langmuir  isotherm  as  described  by  Novotny  and  Olem  (1994): 


PConc 


Ads,t 


=     Q°    X    bX   PC™C Diss,t 

1  +  b  x  PConc 


[8.21] 


Diss,t 

where,  on  day  t: 

PConc  Adsl  is  the  adsorbed  phosphorus  concentration  (ug  g"1), 
PConcDisst  is  the  dissolved  phosphorus  concentration  (ug  L"1),  and 
Q°  (jag  g"1)  and  b  (L  ug-1)  are  adsorption  coefficients  given  by — 


0°  =  -3.5  +  (10.7  x  day)  +  (49.5  x  Q 

and 

b  =  0.061   +  (170,000  x  in-*"  )  +  (0.027  x  clay)  +  (0.76  x  Q 

where: 

clay  is  the  percentage  of  clay  in  the  soil  layer,  and 

C  is  the  percentage  of  carbon  in  the  soil  layer. 


[8.22] 


[8.23] 
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Since  dissolution  and  adsorption  in  the  litter  layer  must  be  calculated  as  an 
intermediate  step  between  incoming  and  outgoing  runoff,  corresponding 
equations  are  used  for  the  litter  layer. 

The  mass  of  soil  in  each  soil  layer  (Soil,)  is  calculated  as — 

Lyr Depth, 

Soilt  =  10    x     -TzL       x  BD  t8-24] 

'  1000  L       J 

where,  on  day  t: 

Lyr  Depth,  is  depth  of  the  litter  or  soil  layer  (mm),  and 

BD  is  the  bulk  density  of  the  layer  (kg  m-3). 

The  mass  of  soil  in  the  litter  layer  on  day  t  before  outgoing  runoff  occurs  is — 


LyrDepthUr 
1000 


SoilUrJ>  -  SedErosInJ  +  10  x  — r7^  x  BDLtr^  [8.26] 


where: 

SedErosIn[  is  incoming  sediment  on  day  t  (kg  ha-1). 

Outgoing  water  from  a  layer  carries  dissolved  phosphorus  determined  by — 

PDissOut,t  =  ^PC°ncDISs,t  x  WaterOut,  [8.27] 

where: 
PdissOuu  is  dissolved  phosphorus  in  outgoing  water  on  day  t  (kg  ha-1). 

Outgoing  surface  runoff  water  also  carries  adsorbed  phosphorus  in  sediment, 
determined  by — 

PErosOuu    =   SedErosOut,t   X   PC°nCAds,t   X   ERt  [8-28] 

where: 

pewsOuu  ls  adsorbed  phosphorus  in  outgoing  water  (kg  ha-1),  and 

Er,  is  the  enrichment  ratio  on  day  /  (described  in  chapter  3). 
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The  litter  layer  is  a  special  case  for  which  the  volume  of  water  and  the  amount  of 
labile  phosphorus  must  be  calculated  on  each  day  in  an  intermediate  step  before 
erosion  occurs: 

<W  =  Wi  +  R»"°fflnt  [8-29] 

where: 

0Url.  is  the  volume  of  water  in  the  litter  on  day  t  after  incoming  surface  runoff  has 
entered  the  zone  but  before  infiltration  or  outgoing  runoff  has  occurred 
(mm),  and 

6Ltrt_,  is  the  volume  of  water  in  the  litter  layer  at  the  end  of  day  M  (mm). 

When  surface  runoff  water  enters  a  zone,  the  total  labile  phosphorus  in  the  litter 
layer  becomes- — 

*W    =    P0*rJ-\    +    (SedErosln,t   *    PC°nCSedln)   +  ^C°nCWa,er,n,t   *    Waterln)  [8.30] 

where,  on  day  t: 

P!bLlrr  is  labile  phosphorus  in  the  litter  layer  on  day  t  after  surface  runoff  has 
entered  the  zone  but  before  infiltration  or  outgoing  runoff  has  occurred 
(kg  ha"1), 

PconcSedInl  is  the  phosphorus  concentration  in  incoming  sediment  (kg  kg"1),  and 

PconcWalerInl  is  the  phosphorus  concentration  in  incoming  water  (kg  cm"1). 

The  quantity  of  labile  phosphorus  calculated  in  equation  8.30  is  then  used  to 
partition  labile  phosphorus  into  dissolved  and  adsorbed  portions  in  equations 
8.23  and  8.32,  so  that  amounts  of  phosphorus  eroding  on  the  same  day  can  be 
determined. 


References  Bowman,  R.A.,  and  D.J.  Savory.  1992.  Phosphorus  distribution  in  calcareous 

soil  profiles  of  the  central  plains.  Soil  Science  Society  of  America  Journal 
56:423-426. 

Jones,  C.A.,  C.V.  Cole,  A.N.  Sharpley,  and  J.R.  Williams.  1984.  A  simplified 
soil  and  plant  phosphorus  model:  I.  Documentation.  Soil  Science  Society  of 
America  Journal  48:800-805. 


124 


McGill,  W.B.,  and  C.V.  Cole.  1981.  Comparative  aspects  of  cycling  of  organic 
carbon,  nitrogen,  sulphur  and  phosphorus  through  soil  organic  matter.  Geoderma 
26:267-286. 

Novotny,  V.,  and  H.  Olem.  1994.  Water  Quality:  Prevention,  Identification,  and 
Management  of  Diffuse  Pollution.  Van  Nostrand  Reinhold,  New  York. 

Parton,  W.J.,  J.W.B.  Stewart,  and  C.V.  Cole.  1988.  Dynamics  of  C,  N,  P  and  S 
in  grassland  soils:  a  model.  Biogeochemistry  5:109-131. 

Sharpley,  A.N,  R.G.  Menzel,  S.J.  Smith,  et  al.  1981.  The  sorption  of  soluble 
phosphorus  by  soil  material  during  transport  in  runoff  from  cropped  and  grassed 
watersheds.  Journal  of  Environmental  Quality  10:211-215. 

Sharpley,  A.N.,  S.J.  Smith,  B.A.  Stewart,  and  A.C.  Mathers.  1984.  Forms  of 
phosphorus  in  soil  receiving  cattle  feedlot  waste.  Journal  of  Environmental 
Quality  13:211-215. 

Thompson,  L.M.,  C.A.  Black,  and  J.A.  Zoellner.  1954.  Occurrence  and 
mineralization  of  organic  phosphorus  in  soils,  with  particular  reference  to 
associations  with  nitrogen,  carbon,  and  pH.  Soil  Science  77:185-196. 

Williams,  J.R.,  C.A.  Jones,  and  P.T.  Dyke.  1984.  A  modeling  approach  to 
determining  the  relationship  between  erosion  and  soil  productivity.  Transactions 
oftheASAE  27:129-144. 


125 


Table  8.1.  Coefficients  for  determining  carbon/phosphorus  ratios  of  newly 
synthesized  soil  organic  matter 

Organic  matter  pool  a*  b*  Minimum  carbon/phosphorus  ratio* 

Active 

Slow 

Passive 

*  From  equation  8.9. 

+  The  carbon/phosphorus  ratios  are  constrained  so  that  they  do  not  go  below  these  values. 

Source:  Parton  et  al.  1988 
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Residue 


Metabolic 
C/P  =  80-150 


Structural 
C/P  =  500 


Phosphorous  pools 


Inorganic 

Labile 

Active 

Stable 

Humus 

Active 
C/P  =  30-80 

Slow 
C/P  =  90-200 

Passive 
C/P  =  20-200 

Figure  8.1  Phosphorus  pools  in  REMM  (from  Jones  et  al.  1984) 
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Residue 


Litter 


Runoff, 
sediment 


Metabolic 

Structural 

Precipitation 

Uptake 


Runoff,    -< 
sediment 


M 


Inorganic 


Active 


Stable 


S/R 

M  =  Mineralization 
=  Immobilization 
A  =  Adsorption 
D  =  Desorption 
S  =  Stabilization 
R  =  Release 


Figure  8.2.  Fluxes  among  phosphorus  pools  in  REMM 
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Figure  8.3.  Relationship  between  equilibrium  levels  of  labile  phosphorus,  active  phosphorus,  and  the 
availability  index  in  a  slightly  weathered  soil  with  a  pH  of  6.2  and  70  percent  base  saturation 
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Chapter  9 

Soil  Temperature 


Lee  S.  Altier  and  Shreeram  P.  Inamdar 


Summary 


Soil  temperature  is  modeled  in  REMM  using  an  empirical  approach  for  the  soil 
surface  and  a  heat  flux  approach  for  the  subsurface  soil.  Litter  is  accounted  for 
by  using  a  litter-blocking  factor  that  dampens  the  changes  in  surface 
temperatures.  Heat  flux  is  based  on  soil  properties:  total  porosity,  volumetric 
water  content,  bulk  density,  and  clay  content. 


Surface 
Temperatures 


From  sensitivity  analysis  of  a  model  simulating  soil  temperature,  Glenn  and 
Welker  (1987)  found  that  soil  surface  treatments  such  as  cultivation  or  killed  sod 
were  much  more  influential  on  subsurface  temperatures  than  soil  characteristics 
such  as  bulk  density  or  water  content.  They  noted,  "the  primary  mechanism 
controlling  the  vertical  temperature  distribution  in  the  root  zone  is  the  amount  of 
energy  captured  at  the  soil  surface  available  for  transfer  in  the  root  zone  and  the 
resultant  temperature  gradient." 

An  empirical  approach  is  used  for  modeling  surface  temperatures  in  the  Riparian 
Ecosystem  Management  Model  (REMM).  Kemp  et  al.  (1992)  noted  that  their  use 
of  regression  models  for  calculating  soil  temperatures  resulted  in  much  less  error 
than  the  energy  balance  approach.  They  pointed  out  that  even  simplified  energy 
budgets  required  parameters  that  were  difficult  to  estimate.  Surface  temperature 
equations  were  modified  from  GLEAMS  (Knisel  1993). 

Temperature  at  the  litter  surface  (Tsur])  for  current  day  d  is  computed  using — 


T^*  =  [iTAir       +  TAirJ2](\    -  Rad/SOO)  +  (TAirr 


surAd] 


Rad/SOO) 


[9.1] 


where: 

TAirmux  and  TAirmm  are  maximum  and  minimum  air  temperatures  (°C)  for  the 
current  day,  respectively;  and 

Rad  is  the  solar  radiation  reaching  the  ground  surface  (kJ  ha"1  day '). 

A  running  average  of  the  current  day  and  the  previous  three  days  is  then 
computed  and  is  given  as  Tsurfavg  the  running  average  temperature  at  the  litter 
surface. 

The  final  temperature  for  the  current  day  at  the  soil  surface  (below  the  litter 
layer)  is  then  expressed  by — 


soilsurJ[d] 


(5*  T.J  +  [(1-5)  x  rj 


surj[d\ 


[9.2] 
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where: 

8  is  the  litter  blocking  factor. 

Subsurface  Models  simulating  soil  temperatures  are  commonly  based  on  the  Fourier  Law  for 

Temperatures  calculating  heat  flux  through  soil  (Parton  1984,  Campbell  1985,  Nobel  and 

Geller  1987,  McCann  et  al.  1991): 

fh  =  -XdT/dz  [9.3] 

where: 

fh  is  heat  flux  density  (W  m"2), 

X  is  thermal  conductivity  (W  m"1  Kr1), 

T  is  temperature  (K),  and 

z  is  distance  (m). 

Using  a  procedure  from  Campbell  (1985),  diurnal  variation  in  soil  temperature  at 
the  soil  surface  is  simulated  in  REMM  by  a  sine  wave  pattern.  Heat  flux  is 
determined  sequentially  through  layers  of  soil  based  on  the  conductivity  and  heat 
capacity  of  each  layer.  Thickness  of  the  layers  was  determined  in  a  geometric 
series,  increasing  from  1  cm  at  the  soil  surface  where  the  temperature 
fluctuations  are  greatest,  to  over  1  m  thick  below  3  m  depth.  Figure  9.1  shows  an 
example  of  the  damping  effect  on  temperature  fluctuations  with  increasing  soil 
depth. 

Specific  heat  is  calculated  as  (Campbell  1985) — 

Ch  =  CJ\  -ty  +  CwB  [9.4] 

where: 

Ch  is  volumetric  specific  heat  of  soil  (J  m"3K"'); 

Cm  and  Cw  are  the  volumetric  specific  heat  values  of  mineral  material  and  water, 
respectively  (J  m~3  K"1); 

cpyis  total  soil  porosity  (fraction);  and 

9  is  volumetric  water  content. 
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Campbell  (1985)  uses  a  value  of  2.40  J  m"3  K"'  for  Cm.  The  specific  heat  of  air  is 
relatively  small  and  therefore  ignored.  Because  organic  matter  has  a  volumetric 
specific  heat  similar  to  those  of  mineral  materials  and  it  comprises  a  small 
portion  of  most  mineral  soils,  its  contribution  is  also  ignored.  Freezing  soil 
conditions  are  not  simulated  in  the  current  version  of  REMM. 

The  estimation  of  thermal  conductivity  is  more  complicated,  requiring  a  greater 
knowledge  of  the  composition  of  the  soil.  It  is  calculated  as  (Mclnnes  1981  cited 
in  Campbell  1985)— 

\=A+BQ-(A-Qx  exp[-(CG)£]  [9.5] 

where: 

X  is  thermal  conductivity  (W  m"1  K"1),  and 

A,  B,  C,  D,  and  E  are  coefficients.  These  coefficients  were  estimated  by 
Campbell  (1985)  as— 

-  2.89/1   -  <pj  [9.6] 


0.57  +  1.73cp    +  0.93cp 


1   -  0.74q>    -  0.49q> 


B  =  1.06  x  BD  x  0  [9.7] 

C  =  1  +2.6m;1/2  [9.8] 

D  =  0.03  +  0.1  BD2  [9.9] 

where: 

cp^  is  the  volume  fraction  of  quartz, 

<pm  is  the  volume  fraction  of  other  minerals, 

(p,  is  the  total  volume  fraction  of  solids  ((pq  +  <pm), 

0  is  volumetric  water  content  (m3  m~3), 

mc.  is  the  clay  fraction,  and 

BD  is  the  soil  bulk  density  (Mg  m"3). 

Campbell  points  out  that  the  quartz  fraction  is  negligible  in  many  mineral  soils, 
so  equation  9.6  can  be  estimated  by — 
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A  =  0.65  -  0.78  BD  +  0.60  BD2  [9.10] 

where: 
BD  is  bulk  density  (Mg  m"3). 

The  estimation  of  D  is  for  mineral  soil  with  an  average  particle  density  of  2.65 
Mg  m-3.  For  forest  litter,  Campbell  (1985)  estimates  the  values  of  the 
coefficients  as  A  =  0.4,  B  =  0.5,  C  =  1,  and  D  =  0.06  and  E  =  4.0.  In  order  to 
estimate  soil  temperature  at  the  lower  end  of  the  soil  profile,  Campbell  (1977) 
suggests  that  at  intermediate  soil  water  contents  and  densities,  the  temperature  at 
a  depth  of  6  to  7  m  will  remain  about  equal  to  the  average  annual  soil  surface 
temperature.  So  in  the  REMM  temperature  module,  the  temperature  at  6.6  m  is 
set  at  average  annual  soil  temperature. 
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Figure  9.1.  Simulated  average  daily  temperatures  in  three  soil  layers  with  no  surface  cover 
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Chapter  10 

Vegetation:  Photosynthesis  and  Carbon  Allocation 


Lee  S.  Altier,  Randall  G.  Williams,  and  Richard  Lowrance 


Summary 


REMM  simulates  growth  of  annual  and  perennial  herbaceous,  woody  broadleaf 
and  woody  evergreen  species  in  upper  and  lower  plant  canopies.  Up  to  12  types 
of  vegetation  can  be  simulated,  each  representing  one  or  more  plant  species. 
Several  different  types  of  woody  perennial  plants  are  characterized  in  the  model, 
corresponding  to  leaf-fall  patterns  and  leaf  longevity  of  deciduous  and 
evergreen  species.  Incoming  shortwave  radiation  is  divided  among  vegetation 
types  in  the  upper  canopy  according  to  the  relative  proportion  of  land  covered 
by  each  stand.  Radiation  is  divided  among  vegetation  types  in  the  lower  canopy 
according  to  the  relative  sizes  of  their  leaf  area  indices.  REMM  simulates  plant 
growth  at  the  stand  scale.  The  combined  photosynthesis  by  all  the  individuals  of 
each  vegetation  type  in  each  canopy  promotes  an  increase  in  biomass  of  their 
respective  plant  organs.  Subsequently,  this  creates  a  demand  for  water  and 
nutrients  from  the  soil,  and  these  are  distributed  among  the  plant  types 
according  to  their  relative  demands. 


REMM  allows  representation  of  the  vegetation  in  buffers  using  as  many  as  12 
plant  types  in  two  canopies  (table  10.1).  Increase  in  biomass  in  the  vegetation 
types  creates  demands  for  water  and  nutrients  and  these  are  distributed  among 
the  plant  types  based  on  their  demands  (figure  10.1). 


Forest  Structure 


The  total  amount  of  carbon  in  vegetation  is  the  sum  of  carbon  in  the  upper  (tree) 
and  lower  (shrub  and  herbaceous)  canopies: 


CVeg,  =  CVegUt  +  CVegLt 


[10.1] 


where,  on  day  t: 

CVegu,  and  CVegL[  are  the  quantities  of  carbon  in  the  upper  and  lower  canopies, 
respectively  (kg  ha"1). 

The  carbon  in  each  of  the  canopies,  in  turn,  is  the  sum  of  carbon  in  the  plant 
organs  of  all  the  plant  types  present: 


CVeScj    =    £    £     CVeSorg.v.cj 
v=l  org-\ 


[10.2] 
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where: 

CVegorgvcl  is  carbon  in  plant  organ  org  (leaves,  buds,  branches,  stems,  coarse 
roots,  fine  roots,  or  reserves)  of  vegetation  type  v  of  canopy  c  (upper  or 
lower)  on  day  t  (kg  ha"1). 

Light  The  partitioning  of  incoming  solar  radiation  is  treated  differently  for  the  upper 

and  lower  canopies.  In  the  upper  canopy,  each  plant  type  is  designated  as 
covering  a  proportion  of  the  ground  area.  That  proportion  of  ground  area  is 
assumed  to  be  the  proportion  of  light  intercepted  by  the  plant  type.  Conifers  in 
the  upper  canopy,  therefore,  do  not  get  more  light  during  the  winter  after 
deciduous  species  have  dropped  their  leaves.  This  approach  avoids  the 
difficulties  of  different  plant  arrangements.  If  the  upper  canopy,  for  example, 
comprises  only  two  plant  types,  deciduous  and  coniferous,  and  they  are  evenly 
distributed  (figure  10.2),  one  might  be  able  to  estimate  the  changes  in  light 
available  to  the  conifers  as  the  deciduous  trees  lose  their  leaves  each  fall. 
However,  with  varying  distributions  and  proportions  of  plant  types,  it  is  more 
difficult  to  make  assumptions  that  light  not  intercepted  by  the  deciduous  trees  is 
going  to  be  captured  by  the  conifers  (figure  10.3  and  10.4). 

In  the  lower  canopy,  light  is  distributed  among  the  plant  types  in  proportion  to 
their  leaf  area  indices,  rather  than  in  proportion  to  the  ground  area  occupied.  This 
allows  a  great  deal  of  interaction  among  plant  types.  For  example,  when  the 
herbaceous  plants  die  back  at  the  end  of  a  growing  season,  evergreen  perennial 
plants  in  the  lower  canopy  can  take  advantage  of  being  able  to  intercept 
relatively  more  sunlight  for  early  growth  the  next  spring.  Subsequently,  there  is 
relatively  less  light  available  for  reemerging  herbaceous  species.  In  contrast  to 
the  upper  canopy,  proportions  of  plant  types  in  the  lower  canopy  are  very 
dynamic  from  year  to  year. 

The  light  available  to  each  plant  type  in  the  canopies  is — 


Radvcl  =  41.9  Radlnputct  x  104  CanFracvcJ  [10.3] 

where,  for  canopy  c  on  day  t: 

Radvct  is  incoming  short-wave  radiation  available  to  plant  type  v  (kJ  ha-1  day"1), 

41 .9  converts  langleys  to  kJ  m"2, 

Radlnputct  is  incoming  short-wave  radiation  (from  weather  file)  (langleys  day"1), 
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104  converts  m2  to  ha,  and 

CanFracvct  is  the  fraction  of  the  canopy  occupied  by  vegetation  type  v. 

The  canopy  fraction  (CanFracvcl)  is  a  user  input  for  the  upper  canopy.  It  remains 
constant  unless  there  is  a  harvest  of  trees  that  changes  the  proportions  of  canopy 
occupied  by  vegetation  types.  CanFracvct  in  the  lower  canopy  is — 

n      r  LAIv,L,t 

CanFrac  r ,  =  — — 

vU        «  [10.4] 

Y,LAIvU 

v=l 

where: 

LAIvLl  is  leaf  area  index  of  vegetation  v  in  the  lower  canopy  on  day  t  (ha  ha"1). 

Growth  Net  growth  occurs  in  plants  as  a  function  of  mortality,  respiration  requirements, 

photosynthesis,  and  demands  by  the  plant  organs.  Photosynthates  are  allocated  to 
respiration,  growth  of  organs,  or  a  reserve  pool  (in  the  case  of  perennial  plants), 
according  to  a  prioritization  scheme  (figure  10.5).  Many  of  the  algorithms  for 
plant  growth  came  from  FOREST-BGC  (Running  and  Coughlan  1988,  Running 
and  Gower  1991),  a  process-based  forest  stand  model.  The  use  of  LAI  as  the 
main  factor  characterizing  forest  vegetation  allows  the  possibility  of  obtaining 
input  data  for  the  model  by  means  of  remote  sensing  (Running  et  al.  1989).  Vose 
and  Swank  (1990)  also  focused  on  LAI  as  a  key  factor  in  modeling  forest 
growth. 

The  mass  balances  for  leaf,  branch,  stem,  and  root  pools  are  calculated  as  a 
function  of  growth  and  litter-fall: 


CVeSorgy,c  =  CVeSorg,v,c,t-i  +  CVesGwthorgvc!  -  CVegLitterorgvct  [10.5] 

where,  for  carbon  in  organ  org  of  vegetation  type  v  in  canopy  c  on  day  t: 

CVegGwthorgvcl  is  growth  (kg  ha"1),  and 

CVegLitterorgvcl  is  loss  due  to  senescence  and  dropoff  of  plant  material  (kg  ha"1). 

The  mass  balance  of  plant  carbohydrate  reserves  is  also  a  function  of 
accumulation  and  loss: 


138 


CVeg] 


rsv,v,c,t 


^^eSrsv,v,c,t-\    +   ^"e8Gain,rsv,v,cJ   ~   ^  ^eSLoss,rsv,v,c,t  [10.6] 

where,  for  carbon  in  reserves  in  vegetation  type  v  of  canopy  c  on  day  t: 

CVegrsvvcl  is  total  amount  (kg  ha-1), 

CVegGainnxViCil  is  gain  (kg  ha"1),  and 

CVegLossrsvvcl  is  loss  due  to  respiration,  emergence  (of  herbaceous  perennials), 
and  growth  (kg  ha-1). 

Reserves  accumulate  from  excesses  after  plant  growth  demands  have  been  met. 
Losses  occur  as  reserves  are  used  to  fulfill  plant  growth  demands  that  have 
exceeded  photosynthesis. 


Canopy 
Photosynthesis 


The  amount  of  carbon  fixed  on  each  day  is  a  function  of  leaf  area  index,  length 
of  day,  and  factors  for  canopy  CO,  flux: 


Cn     D  =  104  Cp  B  ,         x  LAI    ,  x  Dayl,  x  SenscFac     . 

GrossPsn,v,c,t  PsnRate,v,c,t  v,c,t  ■?  t  v,c,t 


[10.7] 


C 


PsnRatey,c,t 


0.2727  (AC02  CMvct  CCvct  1 1.6)  /  (CCvct  1 1.6  +  CMvc)  [10.8] 

where,  on  day  t: 

CGro,sFxnvcl  is  gross  carbon  fixed  by  vegetation  v  in  canopy  c  (kg  ha"1), 

1 04  converts  m2  to  ha, 

CpsnRatev.a  1S  canopy  photosynthesis  rate  for  vegetation  v  in  canopy  c  (kg  C02 
x  LAI-1  m"2  sec"1), 

0.2727  converts  C02  to  carbon, 

AC02  is  C02  diffusion  gradient  from  leaf  to  air, 

CCVCI  is  canopy  H20  conductance  in  vegetation  v  of  canopy  c  (divided  by  1 .6  for 
C02/H20  diffusion  correction)  (m  s"1), 

CMKCI  is  canopy  C02  mesophyll  conductance  in  vegetation  v  of  canopy  c  (m  s  '), 

Dayl,  is  day  length  for  a  flat  surface(s),  and 

SenscFac vc ,  is  factor  reducing  photosynthesis  by  vegetation  v  in  canopy  c  with 
senescence: 
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0  { during  dormancy  for  deciduous  trees  with  fall  or  marcescent  drop 
SenscFac^  -  ,  ^  ^  [10.9] 

Day  length  is  calculated  as  a  sine  function  of  annual  day  length  variation 
(Running  et  al.  1987,  Running  and  Coughlan  1988): 

Daylt  =  3,600  ThresRadFac[Ampl  x  sin(0.01721  {YDt  -  79))  +  12.0]  [10.10] 

where: 

3,600  converts  hours  to  seconds, 

ThresRadFac  is  a  threshold  radiation  factor  that  converts  the  physical  day  length 
to  the  period  during  which  positive  net  photosynthesis  can  occur  (a  value  of 
0.85  limits  the  day  length  to  radiation  above  70  W  m"2,  appropriate  for 
conifers), 

Ampl  is  the  amplitude  of  seasonal  variation  in  day  length  from  12  hours,  and 

YD,  is  the  Julian  date  for  day  t. 

Amplitude  is  calculated  as  a  function  of  latitude: 

Ampl  =  exp(7.42  +  0.045  Lai)  1 3,600  [10.11] 

where: 

Lat  is  latitude  (degrees). 

Canopy  Stomatal  This  is  a  function  of  the  leaf  water  potential  and  is  adjusted  for  humidity, 

Conductance  temperature,  and  radiation  (Running  and  Coughlan  1988): 

CCvxJ  =  CCREff^  x  CCHAdhvJ  [10.12] 


CCUA ..  ,  =  Maximum  of 

HAdj,v,t 


0.00005 

CCTAdj>v,   -  CCTMm  DCCh  (106 ABSHD,  -  4) 


[10.13] 
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Maximum  of 


CC 


0.00005 

\CCLWPA4M    +   0-0002    TAirMin,t 


TAdj,v,t 


CCLWPAdm  +  0.00003  CCLWPAd.v>t  (TAirDayAveJ  -  10) 


TAir.,   ,  <  0 


TAir,.   ,  >  0 


[10.14] 


CC 


LWPAdjyJ 


Maximum  of 


0.00005 

CC        -  DCC      (LWP,  -  LWP     ) 

max,v  w,v   v  /  mm' 


[10.15] 


DCC. 


w,v 


where,  in  vegetation  v  of  canopy  c  on  day  t: 
Ccvcl  is  the  final  canopy-average  H20  conductance  (m  s"1), 
CCREffvcl  is  the  effect  of  low  solar  radiation  (0-1  multiplier), 
CCHAJjvl  is  canopy  H20  conductance  adjusted  for  humidity  (m  s_1), 
CCTadjvl  is  canopy  H20  conductance  adjusted  for  temperature  (m  s"1), 
DCCh  is  the  slope  of  CC  vs.  the  absolute  humidity  deficit  (default  is  0.05 

4     -1  -1\ 

m4  s    ug  '), 

ABSHD,  is  the  absolute  humidity  deficit  (ug  m"3), 

CCLWPAdjvt  is  canopy  H20  conductance  adjusted  for  leaf  water  potential  (m  H20 
x  s-1), 

TAirMint  is  the  minimum  daily  temperature  (°C), 

TAirD  Avel  is  the  daylight  average  temperature  (°C), 

CCmax  is  maximum  possible  canopy  conductance  (default  is  0.0016  m  H20  * 
sec-1  for  conifer  forests), 

LWP,  is  daily  maximum  leaf  water  potential  (-MPa),  and 

LWPmm  is  the  spring  minimum  leaf  water  potential  (default  is  -0.5  MPa). 

DCCWV  is  the  slope  of  CCmax  vs.  the  range  of  leaf  water  potential  (m  s"1  MPa"1): 

CCmaxl{LWPscv-LWPmin)  [10.16] 

where: 

LWPSCV  is  the  minimum  leaf  water  potential  inducing  stomatal  closure  (default  is 
-1.65  MPa). 
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TAir 


DayAvej 


At  the  values  for  CCmax,  LWPSC,  and  LWPmm  suggested  by  Running  and  Coughlan 
(1988),  DCCW  =  0.0013913  m  s"1  MPa1. 

Daylight  average  temperature  is  calculated  as  (Parton  and  Logan  1981) — 
0.212  (TAirMaxJ  -  TAirAve)  +  TAirAve>t  [10.17] 


TAirAveJ  =  (TAirMaxJ  +  TAirMiJ/2 


[10.18] 


where,  on  day  t: 

TAirMaxl  and  TAirMmt  are  daily  maximum  and  minimum  temperatures, 
respectively  (°C);  and 

TAirAvet  is  average  daily  air  temperature  (°C). 

The  absolute  humidity  deficit  is  calculated  from  air  temperature  and  relative 
humidity  (Running  and  Coughlan  1988): 


ABSHD,  =  0.000217  VPDt  I  (TAirDayAveJ  +  273.16) 


[10.19] 


VPD,  =  Maximum  of  \  „„„        „„ 
'  ESDt  -  Ebt 


[10.20] 


ESt  =  ESDt  x  RHt  I  100 


[10.21] 


ESDt  =  6.1078  x  exp 


17.269  x  TAir 


Day  Ave, t 


237.3  +  TAir 


Day  Ave, t   t 


[10.22] 


where,  on  day  t: 

VPD,  is  the  vapor  pressure  deficit  (mb), 

ESD,  is  saturation  vapor  pressure  (mb), 

ES  is  vapor  pressure  (mb),  and 

RHt  is  relative  humidity  (%). 
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If  the  canopy  daily  average  radiation  (DRadvcl)  (kJ  m  2)  is  less  than  a  threshold 
value  (RadCCMm,  default  is  3,000  kJ  nT2),  stomates  will  close  (Running  and 
Coughlan  1988): 


CCREffvcl  =  Maximum  of  - 


0.00000001 


Minimum  of 


DRad    ,  /  Radnrh. 

v,cJ  CCMin 


[10.23] 


The  daily  maximum  (predawn)  leaf  water  potential  is  calculated  as  a  function  of 
the  fraction  of  available  water  in  the  soil  (after  Running  and  Coughlan  1988): 


[0.2  /  WtWat 


Maximum  of 


LWPt  = 


LWP 

2  x  Maximum  of 


Min 

[0.2  /  WtWatt 
\LWP> 


TSoilWtAveJ  >  0 


TSoilWtAve,  *  0 


[10.24] 


Min 


where,  on  day  t: 

TSoilWtAve  t  is  daily  average  soil  temperature  (°C)  weighted  by  the  proportion  of 
roots  in  each  soil  layer,  and 

WtWat,  is  the  fraction  of  water  in  the  soil  relative  to  available  water  capacity, 
weighted  by  the  proportion  of  roots  in  each  soil  layer  (mm): 


TSoilWtAvejt  -  E  (RFLjt  x  TSoilAvej) 

7=1 


[10.25] 


WtWat.  =  Maximum  of  < 


3     ( 

E 

7  =  1 


Min.  1  l 


0.000001 


[10.26] 
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where,  on  day  t: 

RFLj ,  is  the  fraction  of  the  fine  root  mass  of  a  given  vegetation  type  in  layery 
relative  to  its  roots  in  the  other  layers, 

QAJt  is  available  moisture  in  soil  layery  (equation  3.14)  (mm), 

QFCj  is  moisture  content  of  soil  layery  at  field  capacity  (mm),  and 

QWP  is  moisture  content  of  soil  layery  at  wilting  point  (mm). 

With  the  minimum  leaf  water  potential  set  to  -0.5  MPa,  the  weighted  fraction  of 
moisture  in  the  soil  layers  (WtWat,)  can  drop  to  0.4  before  leaf  water  potential 
and  canopy  conductivity  are  affected.  With  the  critical  leaf  water  potential  for 
stomatal  closure  (LWPSC)  set  to  -1.65  MPa,  stomatal  closure  will  occur  when  the 
weighted  fraction  of  available  moisture  in  the  soil  falls  below  about  0.121. 

Mesophyll  C02  Mesophyll  conductance  of  C02  (CMVC{)  is  calculated  by  adjusting  a  maximum 

Conductance  rate  by  factors  for  nutrient,  light,  and  temperature  effects  (Running  and  Coughlan 

1988): 

CKc  -  CK^  CMnyct  CMgvcl  CMTvt  [10.27] 

where,  on  day  t: 

CMmaxv  is  maximum  mesophyll  conductance  of  C02  (default  is  0.0008  m  min"1 
for  conifers),  and 

CMnvct,  CMqvcl,  and  CMTvt  are  effects  of  nutrients,  light,  and  temperature, 
respectively  (0-1  scalars). 

The  nutrient  effect  on  photosynthesis  is  a  function  of  the  concentration  of 
nitrogen  in  the  leaves  (Running  and  Coughlan  1988): 


rM  Minimum  I  * 

"'v'c''  "         of        1 0-5  +  0.8333  (NCLvW  -  NCMmMJ  I  (NCMax^v  -  NCMinMJ 


where,  in  leaves  of  vegetation  type  v  of  canopy  c: 

NCLvsvcl  is  nitrogen  concentration  on  day  t  (g  kg-1), 

NCMmMvi;v  is  the  minimum  possible  nitrogen  concentration  (g  kg"1),  and 

NCMaxLvsv  is  the  maximum  possible  nitrogen  concentration  (g  kg"1). 


[10.28] 
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The  light  effect  on  mesophyll  conductance  is  a  function  of  the  average  amount  of 
solar  radiation  reaching  the  canopy  (Running  and  Coughlan  1988): 


CM 


<J,v,cJ 


DRad    ,  -  Qn 

v,c,t        2--0 

DRad       +  0n, 


DRad    ,  <  Qn 

v,cj  ^0 

DRad    ,  >  Qn 

V,C,t  *-*() 


[10.29] 


where: 

Q0  is  photosynthesis  light  compensation  point  (default  is  432  kJ  m"2  day '),  and 

Q05  is  the  radiation  level  at  which  CMql  is  50  percent  of  maximum  (default  is 
9,730  kJ  m"2  day1). 

The  temperature  effect  is  a  function  of  air  temperature  during  daylight  hours 
(Running  and  Coughlan  1988): 


CM„  ,  =  Maximum  of  - 


0 


TCoef(TMAXv  -  TAirDayAveJ)(TAirDayAveJ  -  TMINv) 


[10.30] 


(TMAXy  -  TMINj 


where: 


TCoef  is  a  coefficient  relating  temperature  to  C02  conductance  (default  is  4.0, 
dimensionless),  and 

TMAXV  and  TMINV  are  high  and  low  temperature  photosynthesis  compensation 
points,  respectively,  for  vegetation  v  (defaults  are  37  and  0  °C). 


Canopy  Average 
Radiation 


As  in  many  forest  growth  models,  Beer's  Law  is  employed  to  model  light 
penetration  through  a  canopy  (Running  and  Coughlan  1988).  The  radiation 
intercepted  by  each  plant  type  in  each  canopy  (DRadvcl)  is  a  function  of  its 
respective  leaf  area  index: 
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Rad    , 

v,c,t 


DRadVJCJ 


Radvct  ( 1  -  exp  ( -EXTvc  LAIvct  I  CanFrac  v  J) 
EXTvcLAIvctl  CanFrac 


LAI    , 

v,ct      <  1 


CanFrac  vc 


LAI    , 

v,c,t        >  x 


[10.31] 


CanFrac     , 


where,  for  vegetation  type  v  in  canopy  c  on  day  t: 

Radvcl  is  incoming  short-wave  radiation  (kJ  mf2day~'),  and 

EXTVC  is  an  empirical  coefficient  for  canopy  light  extinction  (default  is  about  0.5, 
value  depending  on  species). 

Note  that  incoming  radiation  to  the  upper  canopy  in  units  of  kJ  m~2  day"1  equals 
41.9  x  Radlnputr 

For  the  lower  canopy,  incoming  radiation  is  the  light  that  penetrates  through  the 
upper  canopy: 

n 

RadLt  =  RadUt  *  Y,^anFracvUl  *  exp(-EXTvU  LAIv v 1 1  CanFrac vU))  [10.32] 


v  =  l 


where  the  subscripts  L  and  U  refer  to  the  lower  and  upper  canopies,  respectively. 

For  both  DRAD  and  Rad,  LAI  (on  an  area  basis)  must  be  divided  by  CanFrac  to 
get  a  value  of  the  leaf  area  index  on  the  basis  of  the  area  actually  subtended  by 
the  particular  vegetation  type. 

Jarvis  and  Leverenz  (1983)  point  out  that  Beer's  Law  does  not  account  for  the 
effect  of  solar  elevation  or  for  interactions  of  beam  and  foliage  angles.  It  is 
necessary  to  assume  that  the  foliage  is  randomly  distributed  in  space  and  that  leaf 
inclination  angles  are  spherically  distributed.  However,  Jarvis  and  Leverenz 
(1983)  noted  that  even  when  the  random  distribution  assumption  is  violated 
within  the  canopy  of  individual  trees,  errors  are  not  great  as  long  as  trees  are  not 
widely  spaced.  They  suggested  a  value  for  the  light  extinction  coefficient  of 
between  0.4  and  0.65  for  coniferous  forests  and  between  0.5  and  0.8  for 
broadleaf  forests.  Ilola  et  al.  (1988)  used  a  value  of  0.8  for  grass  species. 
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Transpiration  The  Penman-Monteith  equation  is  the  basis  for  calculating  transpiration  (from 

Running  and  Coughlan  1988).  Initially,  potential  evaporation  of  intercepted  leaf 
surface  water  and  potential  transpiration  are  calculated.  These  two  values  are 
both  determined  in  the  same  manner,  except  that  there  is  no  stomatal  resistance 
for  evaporation  of  intercepted  moisture  on  the  leaf  surface: 


PLEvct  =  LAIvcJ  x  Dayl,  x  [Slope t  x  DRadvcJ  +  CP 
x  PAt*  VPDt  I  RAvJ  I  [LT,  (Slope ,  +  y,)] 


PTvcl  =  LAIvct  x  Dayl,  *  [Slope,  x  Z)^vc,  +  CP  x  /^ 

x  KPD,  /  RAvJ  I  [LTt  {Slope,  +  Y/ (1.0  +  ^5vc/  /  &4VC,))] 

where,  for  vegetation  v  in  canopy  c  on  day  t: 


[10.33] 


[10.34] 


PLEvct  is  potential  evaporation  of  intercepted  moisture  from  the  leaf  surface 
(mm  H20  x  ha"1), 

Slope,  is  the  slope  of  the  saturation  vapor  pressure  curve  at  the  daylight  average 
air  temperature  (mb  °C_1), 

CP  is  the  specific  heat  of  air  (1,010  J  kg"1  °CT1)J 

PA,  is  air  density  (kg  nr3), 

RAvct  is  aerodynamic  resistance  (s  m"1), 

LT,  is  latent  heat  of  vaporization  of  water  (J  kg"1), 

y,  is  psychrometric  constant  (mb  °C"'), 

RSvcl  is  stomatal  resistance  (CC,"1)  (s  m"1),  and 

PTvcl  is  potential  transpiration  (mm  H20  x  ha"1). 

Actual  evaporation  from  the  leaf  surface  is  constrained  by  intercepted  moisture 
on  the  leaf  and  by  the  estimate  for  potential  evapotranspiration: 


LfEvapv  ,  =  Minimum  of  < 


w*w 


PLE-.  [10.35] 


v.cj 


PET,*PLEvc,lY,Y,PLE^t 

c=\  v=l 
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where,  on  vegetation  type  v  in  canopy  c: 
LfEvapvcl  is  evaporation  from  the  leaf  surfaces  on  day  t  (mm), 
LffVatvcl_,  is  water  on  the  leaf  surfaces  at  the  end  of  day  t-\  (mm),  and 
PET,  is  potential  evapotranspiration  on  day  t  (mm)  (see  chapter  3). 

Then  these  values  are  used  to  determine  an  actual  transpiration  constrained  by 
what  can  be  taken  up  from  the  soil: 


Trans     .  -  Minimum  of  < 


v,c,t 


NetPT 


V,CJ 


WUptkvct 

(PET,  -  LfEvap)  *  PTvxj/££pTvxj 


[10.36] 


c=l  v=l 


where,  for  vegetation  v  in  canopy  c  on  day  t: 

Transvcl  is  transpiration  (mm  H20  x  ha"1), 

NetPTvct  is  net  potential  transpiration  after  evaporation  of  intercepted  moisture 
on  plant  canopy  (mm),  and 

WUptkvcl  is  the  sum  of  water  uptake  from  the  soil  layers  (mm): 


wuptk^t  -  £  wupk. 


[10.37] 


where: 

WUptkVCJl  is  water  uptake  by  vegetation  v  in  canopy  c  from  soil  layer/'  on  day  / 
(equation  3.13)  (mm). 

The  slope  of  the  saturation  vapor  pressure  curve  is  determined  by  (Running  and 
Coughlan  1988)— 


Slope 

=  SVPlt  -  SVP2 

t 

where: 

SVPlt 

=  6.1078  x  exp 

(  ^26HTAirDayAvet  +  0.5)1 
[237.0  +  TAirDayAveJ  + 0.5) 

[10.38] 


[10.39] 
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SVP2t  =  6.1078  x  exp 


(  \7. 269 (TAirDayAveJ  -  0.5)^ 
V  237-°  +  TAir^^  -  0.5 


[10.40] 


Net  radiation  is  determined  by  a  conversion  of  canopy  average  radiation  based 
on  day  length  (Running  and  Coughlan  1988): 

NRad       =  1000  DRadvct  I  Dayl,  [10.41] 


Air  density  is  determined  by  (Running  and  Coughlan  1988) — 
PAt  =  1.292  -  0.00428  TAirDayAvel  [10.42] 

Aerodynamic  resistance  is  calculated  as  a  function  of  leaf  area  index: 
RAvct  =  10  CanFracvctl LAIvct  [10.43] 


The  latent  heat  of  vaporization  of  water  is  calculated  as  (Running  and  Coughlan 
1988)— 

LTt  =  106  (2.501  -  0.0024  TAirDayAvet)  [10.44] 


The  psychrometric  constant  is  calculated  as  (Running  and  Coughlan  1988) 
y,  =  0.646+  0.0006  TAirDayAvet  [10.45] 


Carbon  Partitioning       Newly  synthesized  carbon  is  allocated  to  maintenance  respiration,  shoot  growth, 

root  growth,  and  storage,  in  that  order  of  priority  (figure  10.5). 
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Maintenance  Maintenance  respiration  is  calculated  as  either  the  total  amount  of  carbon 

Respiration  required  by  plant  tissues  or  else  the  amount  that  can  be  suppled  by  the  sum  of 

daily  photosynthesis  and  stored  carbohydrates: 


Pnvct  +  CVeSrsvvct 

'"  [10.46] 

TMRespDem 


v,c,t 


MRespv  c  t  =  Minimum  of ' 

where,  for  vegetation  v  of  canopy  c  on  day  t: 


Pn,  is  carbon  in  gross  photosynthesis  (kg  ha"1), 

MResp,  is  carbon  in  the  actual  amount  of  maintenance  respiration  (kg  ha"1),  and 

TMRespDem,  is  total  demand  for  maintenance  respiration  by  the  plant  tissues 
(kg  ha"1). 

The  carbon  expended  in  maintenance  respiration  by  a  given  plant  part  is  assumed 
to  be  in  proportion  to  its  demand.  Therefore,  if  assimilates  are  insufficient  to 
meet  maintenance  requirements  of  the  entire  plant,  no  organ  will  receive  all  of  its 
respiration  demand.  Unmet  respiration  demand  is  allocated  to  the  different 
organs  based  on  the  proportion  of  respiring  dry  matter: 


MResporgvc[  =  MRespvct  *  MRespDemorgvc(  I  £  MRespDemorgvc[  [10.47] 

org=l 

where: 

MRespDemorgl  is  maintenance  respiration  demand  by  organ  org  in  vegetation  v  in 
canopy  c  on  day  t  (kg  C  ha-1). 

Maintenance  respiration  for  leaves  is  calculated  as  the  net  respiration  that  occurs 
during  the  night.  Carbohydrate  reserves  are  assumed  not  to  require  maintenance 
respiration  (Spitters  et  al.  1989).  The  maintenance  respiration  demand  is  a 
function  of  phenological  (in  the  case  of  herbaceous  plants)  and  temperature 
effects  and  the  demands  of  individual  tissues: 


TMRespDemvcl  =    £  MRespDemorgvcl  [10.48] 

org=\ 
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MRespDem 


(24-Dayl,/3600)/24  x  RCoefhsvt  >:  RDMlvsvcM 
x  TFac x  PhenFac, 


org,t 


' MResp,v,c,t 


RCoeforgJ  x  RDMorg^t_{  x  TFac       x  /WflC 


' MResp,v,cJ 


Leaves 


Roots, 
Stems, 
Branches, 
Buds 


[10.49] 


where,  for  vegetative  part  org  (leaves,  buds,  branches,  roots,  or  stems): 

TFacorgl  is  a  temperature  effect  on  day  t  (0-1  scalar), 

PhenFacMRespt  is  the  effect  of  phenologic  status  on  maintenance  respiration  on 
day  t  (0-1  scalar), 

RCoeforgl  is  a  first-order  rate  coefficient  on  day  t  (kg  C  x  kg  DM"1  x  day"1) 
(table  1 .2),  and 

RDMorgl ,  is  the  total  respiring  dry  matter  of  each  vegetative  part  on  day  t-\ 
(kg'ha"1). 

In  the  case  of  woody  stems,  RDMorgl  is  only  the  mass  of  sapwood.  In  the  case  of 
branches  (brc)  and  coarse  roots  (csrts),  although  sapwood  and  heartwood  are  not 
distinguished,  the  respiring  tissue  is  assumed  to  be  logarithmically  related  to  the 
dry  weight  of  the  wood  (Running  and  Coughlan  1988): 


RDM, 


brcorcsrtsy,c4-\ 


=  0.67  \n{organ  dry  weight) 


[10.50] 


Maintenance  respiration  demand  for  each  plant  organ  is  constrained  so  that 
MRespDem    ,  >0. 

For  herbaceous  species,  maintenance  respiration  is  usually  considered  to  be 
proportional  to  the  mass  of  the  plant.  However,  for  trees,  maintenance  respiration 
for  stem  wood  has  not  been  found  to  be  proportional  to  the  total  weight  of  the 
bole  (Jarvis  and  Leverenz  1983).  For  that  reason,  assuming  that  heartwood  is  not 
respiring  tissue,  maintenance  respiration  of  stemwood  is  often  calculated  as  a 
function  of  only  sapwood  mass  (Mohren  et  al.  1984,  Mohren  1986.  Chen  et 
al.  1988). 

The  determination  of  sapwood  and  heartwood  is  described  in  the  section 
"Conversion  of  Sapwood  to  Heartwood"  below.  Maintenance  respiration  is 
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sensitive  to  temperature  and  has  a  QlQ  of  about  2.  In  the  SUCROS87  model  for 
spring  wheat  (Spitters  et  al.  1989)  and  in  the  CERES  model  for  forest  growth 
(Dixon  et  al.  1978),  the  temperature  effect  is  characterized  as — 


TFac 


org  J 


0 

n(WV/10 


1 


T       =  0 

orgj 

0  <  T       <T 

orgj  opt 

T      <  T 

opt    '        org,t 


[10.51] 


where,  on  day  t: 

T    ,  is  the  applicable  temperature  for  plant  part  org  (°C), 

Topl  is  the  optimal  temperature  for  respiration  (this  may  be  adjusted  10  degrees 
higher  for  tropical  species  adapted  to  higher  temperatures)  (Spitters  et  al 
1989),  and 

Q]0  is  the  Q]0  factor  for  the  respiration  rate  (default  is  2.0). 

Daily  average  air  temperature  is  used  to  determine  bud,  branch,  and  stem 
respiration.  Root  respiration  is  calculated  from  daily  average  soil  temperature 
weighted  by  root  proportions  in  each  soil  layer  (TSoilWlAvevcl). 

Average  night  air  temperature  is  used  to  calculate  night  leaf  respiration.  This  is 
calculated  as  the  mean  of  daylight  average  and  night  minimum  air  temperatures 
(Running  et  al.  1987): 


TAirMghtAve,t    =   (TAirDayAVe,t   +  TAirMin)12 


[10.52] 


The  PhenFac,  is  pertinent  to  annual  herbaceous  species.  Following 
commencement  of  reproductive  development,  reduced  respiration  rates 
correspond  with  increasing  senescence: 


1 

PhenFac MResp[  =  J  j 

Minimum  of  \~      ^^ 


perennial  species 
annual  species 


[10.53] 


where: 

DVS,  is  the  developmental  stage  of  herbaceous  vegetation  on  day  t,  where  0  is 
germination  and  1  is  the  beginning  of  reproduction  (see  "Phenological 
Stages"  chapter  11). 
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Growth  The  total  amount  of  carbon  that  can  be  used  for  growth  on  any  day  is  the  sum  of 

stored  carbohydrates  and  photosynthesis  minus  maintenance  respiration: 


CPsny,c,t    ~    MReSPV,c,< 


r  .  rr  Max.  JO 

^AGWth,,c,    ~  LEmergvLl        Qf    jc^  __  mesp^ 

CPsn,V,c,<    +    CVeSrsV,V,c,t-\      '   MReSPV,cJ 


annuals 


herbaceous 
perennials  [10. 54  J 

woody 
perennials 


where,  for  vegetation  v  in  canopy  c  on  day  t: 

CAGwthvcl  is  carbon  available  for  assimilation  into  plant  tissue  (kg  ha-1);  and 

CEmergvLl  is  carbon  in  reserves  used  for  emergence  (pertains  to  herbaceous 
perennial  vegetation  in  the  lower  canopy  only)  (kg  ha"1). 

The  allocation  of  CAGwlhl  to  plant  organs  and  reserves  is  based  on  several  factors 
discussed  in  the  next  section.  The  actual  growth  of  any  plant  part  is  a  function  of 
the  amount  of  carbon  allocated  minus  respiration  required  for  growth  plus 
germination: 

CVegGwth         ,  =  C,„  ,  -  GResp         ,  +  CGerm         ,  no  <551 

6  org,v,c,t  Alloc,org,v,cJ  "org,v,c,t  org,v,c,t  [iw.JJj 

where,  for  plant  organ  org  of  vegetation  v  in  canopy  c  on  day  t: 
CAihc.org.v.cj is  carbon  allocation  (kg  ha-1), 

GResporgvcl  is  carbon  in  growth  respiration  (plant  organs  only)  (kg  ha-1),  and 
CGerm      CJ  is  carbon  in  newly  germinated  plants  (kg  ha-1). 

There  is  no  respiration  associated  with  carbon  allocation  to  reserves,  as  it  does 
not  entail  tissue  growth. 

Growth  respiration  is  a  reflection  of  the  efficiency  with  which  available  carbon  is 
assimilated  into  plant  structural  material.  Carbon  lost  in  growth  respiration  is 
calculated  as  a  function  of  the  amount  of  carbon  used  for  growth  and  the 
conversion  efficiencies  for  plant  components  produced  (Penning  de  Vries  and 
van  Laar  1982): 


15! 


GReSPorg,V.c,t    =    C Allocorg^y '  C°"vEffGwth,org,v,c  [10.56] 

ConvEfC   ,  =  Conv,.    ,,  *CBRICGlucR  HO  571 

Q""***,  ■  '  'd-242  FC^  +  1704  FiW,v +  3106  FF^,  nn  s_ 

♦  2.174  flw  +  0.929  FO^  +  0.050  FMargv)  L1U'5S) 

where,  for  plant  organ  org  of  vegetation  v  in  canopy  c  on  day  t: 

ConvEffGwlhorgvc  is  conversion  efficiency  of  plant  tissue  produced  from  available 
photosynthates  (kg  carbon  in  growth  per  kg  carbon  in  photosynthates), 

Convblomglucorgvc  is  the  ratio  of  structural  biomass  formed  to  glucose  consumed 
(kg  kg"1')," 

CBR  is  the  ratio  of  the  mass  of  carbon  in  plant  material  to  biomass  (default  is 
0.4), 

CGlucR  is  the  ratio  of  the  mass  of  carbon  to  the  mass  of  glucose  (0.4),  and 

FCorgv,  FPorgv,  FForgv,  FLorgv,  FOorgv,  and  FMorgv  are  the  fractions  of 
carbohydrates,  proteins,  fats,  lignin,  organic  acids,  and  minerals, 
respectively,  in  the  tissue. 

Penning  de  Vries  and  Van  Laar  ( 1 982)  note  that  for  a  general  approximation  of 
the  ratio  of  biomass  conversion  from  glucose,  0.7  will  do  fairly  well. 

Allocation  to  Growth     Most  process-based  models  of  forest  growth  simulate  growth  as  "a  process 

which  occurs  when  available  photosynthate  is  surplus  to  tissue  maintenance 
requirements"  (McMurtrie  and  Wolf  1983).  However,  according  to  the 
phenological  status  of  a  plant,  carbohydrates  from  current  photosynthesis  may  be 
either  stored  or  immediately  resynthesized  for  plant  growth.  In  fact,  if  the 
demand  is  high,  current  photosynthesis  may  be  insufficient  to  supply  enough 
carbohydrates,  the  balance  coming  from  stored  starch  (Loach  and  Little  1973). 

Although  forest  growth  models  have  often  allocated  photosynthates  to  plant 
organs  in  fixed  proportions  (examples:  McMurtrie  and  Wolf  1983,  Mohren  et  al. 
1984,  Running  and  Coughlan  1988),  there  are  some  important  reasons  why 
allocations  should  not  remain  constant.  Distribution  of  photosynthates  changes 
with  plant  development.  Pipe  theory  predicts  that  as  a  tree  grows,  more  sapwood 
is  required  in  proportion  to  the  amount  of  foliage  (Ludlow  et  al.  1990,  Shinozaki 
et  al.  1964a,b).  Also,  since  photosynthate  partitioning  is  regulated  by  environ- 
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mental  conditions,  in  order  for  a  model  to  be  sensitive  to  a  changing 
environment,  allocations  of  photosynthates  should  be  adjusted  appropriately 
(Bassow  et  al.  1990,  Vose  and  Swank  1990).  Photosynthates  tend  to  be 
distributed  in  response  to  the  strength  of  sinks.  Under  decreasing  amounts  of 
radiation,  relatively  more  photosynthates  are  allocated  to  plant  tops.  However,  as 
nutrients  or  moisture  become  limiting  for  growth,  more  photosynthates  go  to  the 
root  system  where  these  resources  are  in  relatively  greater  supply.  Studies  of 
Pinus  sylvestris  indicate  that,  after  fertilization,  allocation  of  photosynthates  to 
roots  decreased  from  60  to  75  percent  to  about  40  percent  of  the  total  amount 
available  (Linder  and  Rook  1984). 

In  REMM,  two  different  approaches  for  carbon  allocation  to  growth  have  been 
used.  For  tree  growth,  allocation  is  sink  based;  that  is,  in  response  to  the  growth 
demands  of  individual  plant  organs  throughout  the  year.  For  herbaceous  plants, 
allocation  of  fixed  carbon  is  in  fixed  proportions  according  the  phenological 
status  of  the  plant.  Plant  growth  and  development  are  described  in  the  next 
chapter. 

Herbaceous  In  simulating  annual  and  perennial  herbaceous  growth,  photosynthates  are 

Vegetation  allocated  among  plant  organs  according  to  ratios  determined  empirically  as  a 

function  of  the  phenological  status  of  the  crop: 

CAlloc,orgJ  =  CAMt  x  AlcFracorgt  [10.59] 

where,  for  herbaceous  annual  or  herbaceous  perennial  plants  in  the  lower  canopy 
on  day  t: 

CAllocurgl  is  carbon  allocation  to  organ  org  (kg  ha"1), 

CAGwlhJ  is  carbon  available  for  growth  (kg  ha-1),  and 

AlcFracorgt  is  the  fraction  of  available  carbon  allocated  to  organ  org. 

As  van  Keulen  et  al.  (1982)  point  out  in  their  description  of  the  SUCROS  model, 
this  is  a  source-oriented  approach,  since  growth  rates  are  determined  by  the 
availability  of  assimilates. 

Annual  Herbaceous        Assimilates  are  initially  partitioned  between  shoots  and  roots.  During  vegetative 
Vegetation  growth,  assimilates  are  divided  evenly  between  roots  and  shoots.  When  the 

plants  reach  their  reproductive  stage,  all  assimilates  go  into  shoot  growth.  An 
exception  occurs  if  the  vegetation  is  mowed  during  vegetative  development. 
After  mowing,  all  photosynthates  are  allocated  to  the  shoots  until  the  shoot/root 
mass  ratio  is  restored  to  what  it  was  before  the  mowing  event: 
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0.5  NutFac 
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AlcFrac 


1.0  NutFac 


shtj 
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DVS.  <  1.0 
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and  SRRt  <  SRRMow 


[10.60] 


1.0  <  DVS. 


AlcFrac  rtsJ  =  NutFac rtst{\  -  AlcFrac sht)  [10.61] 

where,  for  annual  herbaceous  plants  in  the  lower  canopy  on  day  t: 

AlcFrac shll  is  the  fraction  of  photosynthates  allocated  to  the  shoots, 

NutFacshtt  and  NutFac  rlxJ  are  nutrient  factors  for  shoots  and  roots  (0-1  scalars), 

DVS,  is  the  developmental  stage,  where  0.0  is  germination  and  1.0  is  the 
beginning  of  reproduction  (see  "Phenological  Stages"  chapter  11), 

SRR,  is  the  shoot/root  mass  ratio,  and 

SRRMow  is  the  shoot/root  mass  ratio  immediately  before  mowing. 

The  nutrient  factor  for  shoots  is  a  function  of  weighted  values  for  the  leaves  and 
stems: 


NutFac 


(DM,,  x  NutFac  h J  +  (DM.,  x  NutFac.) 


shtj 


DM,   ,  +  DM,    , 

Ivsj  stem,t 


[10.62] 


where,  for  annual  herbaceous  plants  in  the  lower  canopy  on  day  t: 

DMlvsp  DMxleml,  are  the  weights  of  dry  matter  for  leaves  and  stems  (kg  ha"1). 

The  nutrient  factors  for  the  leaves  and  stems  are  determined  by  equation  10.21. 

The  fraction  of  photosynthates  allocated  to  the  shoots  are  further  divided  into 
leaves  and  stems.  Although  carbon  reserves  are  not  simulated  explicitly  in 
annual  plants,  after  commencement  of  the  reproductive  phase,  photosynthates 
allocated  to  stems  are  assumed  to  be  actually  incorporated  into  storage  in 
developing  fruit.  This  is  similar  to  approaches  of  the  WATCROS  (Ilola  et  al. 
1988)  and  DAISY  (Hansen  et  al.  1991)  models.  The  detail  in  the  SUCROS 
model  regarding  allocation  and  growth  of  grain  was  not  considered  to  be 
essential  for  the  purposes  of  REMM.  If  the  vegetation  is  mowed  during  the 


156 


vegetative  phase  (before  DVS,  =  1),  initial  regrowth  is  entirely  leaves.  Allocation 
of  photosynthates  is  gradually  increased  to  stems: 


AlcFrac        x  Min-  I * 

Aictracshtt        of    \  _Q  Q45  \n(DVS^  +  05 


AlcFrac 


0 


/vs,/ 


1  -  (1  -  LFrac)  x 


x  AlcFrac 


shtj 


(SRRt  -  SRR.) 


(SRRMow  -  SRR,) 


2.5 


DK5,  <  1.0 


DKS,  >  1.0 


DKS,  <  1  and 
LSRf  <  LSK^ 


[10.63] 


AlcFrac  ,    ,  =    AlcFrac  ,, ,  -  AlcFrac,    , 

stemj  sht,t  Ivsj 


where,  on  day  t: 


[10.64] 


AlcFrac /v,.,and  AlcFrac ,leml  are  fractions  of  the  photosynthates  going  to  shoots 
that  are  allocated  to  leaf  and  stem  growth,  respectively, 

LFrac,  is  the  calculated  value  of  AlcFrac,  vsl  if  no  mowing  had  been  done, 

SRRt  is  the  initial  shoot/root  mass  ratio  after  mowing, 

LSR,  is  the  leaf/stem  ratio,  and 

LSRMow  is  the  leaf/stem  mass  ratio  immediately  before  mowing. 

Under  low  soil  nutrient  conditions,  the  content  of  nitrogen  or  phosphorus  in  the 
roots  may  prevent  available  assimilates  from  being  used  for  root  growth. 
Carbohydrate  carbon,  in  excess  of  what  can  be  used  for  growth,  is  allocated  to  a 
reserve  pool. 


Perennial 

Herbaceous 

Vegetation 


Unlike  in  annual  vegetation,  assimilates  in  perennials  are  allocated  to  shoot  and 
root  growth  throughout  the  growing  season.  As  growth  commences  in  spring,  all 
photosynthates  are  allocated  to  shoots  until  shoots  have  nearly  balanced  root 
mass.  If  the  vegetation  is  mowed,  the  shoots  also  receive  all  assimilates  for 
growth  until  the  shoot/root  ratio  prior  to  mowing  has  been  restored: 
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[10.65] 


where,  on  day  t: 

CVeglvst,  CVegsleml,  and  CVegrlsl  are  the  amounts  of  carbon  in  leaves,  stems,  and 
roots,  respectively  (kg  ha '). 

In  the  early  growing  season,  leaves  receive  all  assimilates  going  to  the  shoots. 
Gradually,  an  increasing  amount  of  assimilates  is  allocated  to  stem  growth.  Since 
the  development  of  reproductive  tissue  is  not  explicitly  simulated,  a  portion  of 
the  stem  tissue  during  stage  2  growth  necessarily  represents 
nonphotosynthesizing  reproductive  material.  After  mowing,  initially  all 
assimilates  go  to  leaf  growth: 
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Unlike  in  annual  plants,  some  of  the  assimilates  going  to  the  roots  of  perennial 
herbaceous  plants  are  allocated  to  reserves.  These  reserves  provide  energy  to 
sustain  the  below-ground  biomass  during  the  winter  until  shoots  reemerge  the 
next  spring: 
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AlcFracrsvt  =  1  -  AlcFracsh[t  -  AlcFracrtsJ  [10>69] 

During  the  growing  season,  reserves  are  only  used  for  emergence  (equation 
1 1 .45)  or  for  maintenance  respiration  if  current  day  photosynthates  are 
inadequate  to  meet  the  demand. 

Woody  Vegetation  Bassow  et  al.  (1990)  and  Weinstein  and  Beloin  (1990)  avoided  fixed  allocation 

ratios  by  prioritizing  photosynthate  partitioning.  In  the  CARBON  model 
(Bassow  et  al.  1990),  respiration  of  the  whole  tree  is  satisfied  first,  then  the 
remainder  goes  to  foliage  growth,  root  growth,  and  wood  growth,  in  that  order. 
The  FOREST-BGC  model  has  been  revised  to  handle  carbon  allocations  in  a 
similar  manner  (Running  and  Gower  1991).  In  ROPIS  (Weinstein  and  Beloin 
1990),  utilization  of  photosynthates  was  attenuated  by  the  availability  of 
nutrients  and  water  to  the  various  sinks,  as  well  as  by  phenological  stages. 

Alternatively,  adjustments  to  carbon  allocations  in  a  growth  model  could  be 
dictated  by  plant  and  weather  conditions  or  be  determined  by  the  strength  of 
sinks.  In  SPUR  (Hanson  et  al.  1983),  utilization  of  stored  carbohydrates  is 
triggered  by  the  combined  status  of  moisture,  temperature,  and  shoot  biomass. 
Based  on  pipe-model  theory,  Hari  et  al.  (1990)  assumed  that  the  amount  of 
photosynthate  allocated  to  tissues  for  water  transport  would  be  proportional  to 
the  amount  of  transpired  water. 

In  contrast  to  the  approach  taken  in  REMM  for  herbaceous  growth,  simulation  of 
woody  growth  is  a  sink-oriented  approach.  The  strengths  of  the  sinks,  rather  than 
the  availability  of  assimilates,  are  the  primary  determinates  of  growth.  This 
approach  allows  plant  growth  to  be  more  responsive  to  changing  environmental 
conditions.  For  example,  if  the  strength  of  a  sink  is  reduced  because  of  lack  of 
another  essential  factor  such  as  nitrogen,  a  larger  quantity  of  assimilates  will  be 
partitioned  elsewhere. 

Carbon  photosynthesized  on  each  day  is  allocated  to  maintenance  respiration,  top 
growth,  root  growth,  and  reserves,  in  that  order.  By  giving  priority  for 
photosynthates  to  top  growth,  shoot  growth  under  reduced  light  conditions  will 
increase  relative  to  root  growth  (Waring  and  Schlesinger  1985).  In  contrast, 
because  roots  are  assumed  to  have  the  highest  priority  for  water  and  nutrients, 
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root  growth  under  a  moisture  or  nutrient  deficiency  will  increase  relative  to  shoot 
growth. 

Demand  for  carbon  for  growth  of  each  plant  part  is  influenced  by  the 
phenological  status  of  the  plant  and  by  environmental  factors.  Leaf  development 
is  characterized  in  two  stages,  comprising  growth  before  and  after  bud  burst.  In 
growth  stage  1 ,  before  bud  burst,  demand  for  carbon  for  growth  is  zero  order 
with  respect  to  bud  mass.  For  leaves  during  growth  stage  2  and  all  other  organs, 
the  demand  is  first  order  with  respect  to  organ  mass.  The  growth  of  leaves, 
however,  is  limited  by  a  maximum  possible  leaf  size.  Demand  by  leaves  is 
calculated  as — 


(GRbudsJ  ><  TFacGthlvst  x  NutFachst 
x  PhenFachs)  I  ConvEffGwlhorg 


r 

^  DmdAvsJ 


Min. 
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(RGRhs  x  Chst  x  TFacGthlvst  x  NutFachst 
x  PhenFaclvs)  I  ConvEffGwthorg 


Growth  Stage  1 

[10.70] 

Growth  Stage  2 


Demands  by  other  organs  (stems,  branches,  coarse  roots,  and  fine  roots)  are 
calculated  as — 

CDmd,org,t  =  (RGRorg  x  CVegorgt  x  TFacGthorgt  x  NutFacorgt 

x  PhenFacorg)  I  ConvEffGw(horg)  L1U-71J 

where,  on  day  t: 

CDmdlvst,  and  CDmd     ,  are  the  demands  for  carbon  by  the  leaves  and  other  organs, 
respectively  (kg  ha  '); 

GRbudsl  is  growth  rate  of  buds  (kg  C  x  ha-1); 

TFacGthlvsl  and  TFacGthorgt  are  temperature  factors  for  leaves  and  other  organs, 
respectively  (0-1  scalars;  calculated  as  in  equation  10.51); 

NutFaclvsl  and  NutFacorgt  are  nutrient  factors  for  leaves  and  other  organs, 
respectively  (0-1  scalars); 

PhenFaclvsl  and  PhenFacorgt  are  scalars  for  leaves  and  other  organs,  respectively, 
representing  the  phenological  status  of  the  plant  (range  0-1); 
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ConvEJfGwlhorg  is  the  efficiency  with  which  photosynthates  are  converted  to  plant 
tissue  in  organ  org  (fraction); 

CMR  is  the  ratio  of  carbon  to  dry  weight; 

LfPrmda  is  the  number  of  leaf  primordia  from  which  the  buds  developed  in  the 
current  season; 

WtPerLf 'is  the  maximum  possible  weight  per  leaf  (g);  and 

RGRlvs  and  RGRorg  are  relative  growth  rates  for  leaves  and  other  organs, 
respectively  (kg  kg"1). 

Leaf  growth  is  constrained  to  the  mass  attained  when  all  leaves  have  reached  full 
leaf  expansion:  CMR  x  LfPrmda  x  0.001  WtPerLf. 

The  use  of  relative  growth  rates  for  the  plant  organs  establishes  a  demand  for 
photosynthates  as  in  the  ELCROS  model  of  de  Wit  et  al.  (1970).  The  allocation 
of  carbon  for  growth  of  each  plant  part  is  determined  by  the  demand  and  the 
amount  of  carbon  that  is  available.  Excess  carbon  not  used  by  leaves,  branches, 
stems,  or  roots  is  allocated  to  carbohydrate  reserves: 
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where: 

MaxLAI  is  the  maximum  leaf  area  index  attainable  by  the  vegetation  type 
(ha  ha-1),  and 

SLA,  is  the  specific  leaf  area  on  day  t  (ha  x  kg"1  C). 

A  similar  approach,  allocating  photosynthates  to  plant  organs  on  a  priority  basis, 
has  been  used  for  modeling  grain  fill  of  a  field  crop  (Spitters  et  al.  1989)  and 
growth  of  fruit  trees  (DeJong  and  Grossman  1993).  Lacking  a  component  to 
simulate  individual  plant  sizes  in  the  current  version  of  REMM,  the  constraint  on 
leaf  area  index  serves  to  empirically  limit  vegetation  growth. 

The  nutrient  factor  is  determined  by  the  nutrient  that  has  the  more  constraining 
influence  on  growth: 


\PFClCorz< 

NutFacorg,t  =  Minimum  of  *  [10.78] 

[  org,t 

where: 

PFac,  and  NFac,  are  effects  of  phosphorus  and  nitrogen,  respectively,  on  growth. 

In  REMM,  a  relationship  adopted  from  Mohren  (1986)  is  used  for  determining 
NFac,  and  PFac,  (figure  10.6).  The  factors  have  asymptotic  patterns  with 
increasing  foliar  nutrient  levels.  Growth  is  limited  by  nitrogen  or  phosphorus 
concentrations  below  2.00  or  0.30  percent,  respectively.  Luxury  amounts  of 
nitrogen  and  phosphorus  are  allowed  to  accumulate  in  plant  organs  above  levels 
that  will  restrict  growth.  For  the  various  organs  of  Douglas-fir  {Pseudotsuga 
menziesii),  Mohren  (1986)  used  ranges  in  concentrations  of  nitrogen  and 
phosphorus  listed  in  table  10.3. 
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From  the  relationship  illustrated  in  figure  10.6,  the  following  equation  was 
derived  for  calculating  the  effect  of  nitrogen  and  phosphorus  levels: 
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QxV(-2.52(PConcorg[  -  PConcMnorg)  I  {PConcMaxorg  -  PConcMmorg)) 

where,  in  plant  organ  org: 

NConc orgt  and  PConcorgl  are  concentrations  of  nitrogen  and  phosphorus, 
respectively,  on  day  t  (g  kg-1); 

NConc Mmorg  and  PConcMmorg  are  minimum  possible  concentrations  of  nitrogen 
and  phosphorus,  respectively,  (g  kg"1);  and 

NConc Maxorg  and  PConcMaxorg  are  maximum  possible  concentrations  of  nitrogen 
and  phosphorus,  respectively,  (g  kg"1). 

Because  diminishing  levels  of  nitrogen  in  the  leaves  are  more  inhibiting  to  leaf 
growth  than  to  photosynthesis  (figure  10.7),  relatively  higher  concentrations  of 
nitrogen  in  the  roots  increases  the  root/leaf  growth  ratio. 


Leaf  Area  Index 


By  assuming  a  constant  specific  leaf  area  (ratio  of  area  to  weight  of  each  leaf) 
and  by  using  estimates  of  specific  leaf  area  for  appropriate  species,  the 
accumulation  of  carbon  in  the  foliage  can  be  converted  to  a  leaf  area  index  (Burk 
etal.  1990): 


LAIvct  =  SLAvcl  x  CVeglvsvcl  [10.81] 

where: 

LAI  is  the  leaf  area  index  of  vegetation  type  v  of  canopy  c  on  day  t  (m2  m"2). 
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However,  Whitehead  and  Jarvis  (1981)  have  pointed  out  that  specific  leaf  area 
can  change  by  a  factor  of  2  between  the  bottom  and  top  of  a  coniferous  canopy. 
It  also  changes  with  varying  light  levels,  temperature,  and  age  (Charles-Edwards 
et  al.  1986).  For  simplicity,  REMM  uses  estimates  of  average  specific  leaf  areas 
for  each  plant  type  (table  10.4).  Specific  leaf  area  tends  to  be  normally 
distributed  between  tree  tops  and  crown  bases.  There  is  greater  variation  among 
the  distributions  of  specific  leaf  area  in  deciduous  broadleaf  canopies  (Jarvis  and 
Leverenz  1983). 
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Table  10.1.  Vegetation  types  simulated  in  REMM 


Vegetation  type 


Lower  canopy        Upper  canopy 


Herbaceous  species 

1.  Annuals 

2.  Perennials 

Woody  broadleaf  species 

3.  Autumn  leaf  drop 

4.  Marcescent  drop 

5.  Vernal  leaf  drop 

Coniferous  species* 

6.  Short  needle  longevity 

7.  Medium  needle  longevity 

8.  Long  needle  longevity 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

*  Longevity  of  needles  varies  from  2  to  20  years. 


Table  10.2.  Maintenance  respiration  rate  coefficients  for  plant  tissues 


Plant  part 


Rate 

1    FMV/f   ^    Jm,-1' 


(kg  C  x  kg"1  DM  x  day"1) 


Leaves,  buds 
Stems,  branches 
Roots  (coarse  and  fine) 


0.012 
0.006 
0.006 


After  Penning  de  Vries  and  van  Laar  1982 
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Table  10.3.  Limits  of  nitrogen  and  phosphorus  concentrations  in  Douglas-fir 


Nutrient  concentration 


Plant  part 

N 

mm 

N 

max 

(0 

kg" 

')- 

p 

*  mm 

P 

max 

Needles 

8 

20 

0.8 

3 

Branches 

1.5 

5 

0.2 

0.5 

Stemwood 

0.5 

1.5 

0.1 

0.2 

Roots 

1.5 

5 

0.2 

0.8 

Source:  Mohren  1986 


Table  10.4.  Specific  leaf  areas  used  in  plant  growth  models 


Species 

Specific  leaf  area* 
(ha  x  kg"1  C) 

Reference 

Spring  wheat 

0.0055 

Spitters  et  al.  1989 

Conifers 

0.00625 

Running  and  Coughlan  1988 

Populus  tremuloides 

0.00243 

Burketal.  1990 

Assuming  a  carbon  content  of  40  percent. 
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Upper  story  growth 


Lower  story  growth 


Water  and  nutrient  uptake 


Figure  10.1.  Flow  chart  of  vegetation  module. 
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C^\    Deciduous 
-4^   Evergreen 


Figure  10.2.  Diagram  of  an  even  distribution  of  tree  types  in  the  upper  canopy 
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Figure  10.3.  With  an  increasing  proportion  of  deciduous  trees,  less  of  the  unintercepted  light  available 
during  the  winter  can  be  captured  by  the  conifers. 
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f-*)   Deciduous 
4^-   Evergreen 


Figure  10.4  Clumped  distributions  in  the  upper  canopy  reduce  the  possibility  for  conifers  to  capture  light 
that  is  not  intercepted  by  deciduous  trees. 
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Figure  10.5.  Partitioning  of  photosynthates  in  REMM 
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Minimum 


Maximum 


Foliar  nutrient  concentrations 


Figure  10.6.  Relationship  between  range  of  potential  foliar  nutrient  levels  and  effect  on  growth 


175 


C/) 

i— 

O 
o 

03 

M— 
C 


Growth  effect 

Photosynthesis 
effect 


0 


0.2 


0.4 


0.6 


0.8 


Standardized  N  Concentration 


1.0 


Figure  10.7.  Relationship  between  nitrogen  concentrations  (standardized  between  minimum  and 
maximum  values)  and  calculated  coefficients  influencing  growth  (NFacgrlhl)  and  photosynthesis  (CMnl) 
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Chapter  11 

Vegetation:  Growth  and  Development 


Lee  S.  Altier,  Randall  G.  Williams,  and  Richard  Lowrance 


Summary 


REMM  simulates  germination  as  controlled  by  moisture,  temperature,  and  light. 
Shading  by  existing  vegetation  will  inhibit  germination.  Once  plants  germinate, 
they  become  part  of  the  biomass  of  the  lower  canopy  Available  moisture  and 
nutrients  in  the  soil  are  allocated  to  vegetation  types  according  to  relative 
demands  and  masses  of  roots  in  each  soil  layer.  The  partitioning  of  nutrients 
and  photosynthates  within  plants  corresponds  to  the  concept  of  a  functional 
equilibrium  between  roots  and  shoots.  According  to  this  concept,  plant  organs 
are  in  competition  for  nutrients  and  photosynthates.  A  plant  organ  supplying  a 
resource  will  have  the  first  opportunity  to  fulfill  its  own  demand.  If  the  supply 
organ  is  reduced  in  size,  resulting  in  a  reduced  supply  of  a  resource,  growth  of 
other  dependent  organs  will  slow  down  until  the  supply  organ  has  recovered. 


Phenological  Stages 


The  annual  cycle  of  plant  development  determines  which  organs  receive 
photosynthates  for  growth  (table  11.1).  The  phenological  factors  vary  for  each 
plant  part  during  the  plant  growth  stages.  The  value  equals  1  if  a  plant  organ  can 
grow  during  a  given  growth  stage.  Otherwise,  it  equals  0.  In  evergreen 
gymnosperms  and  angiosperms  with  vernal  senescence,  photosynthesis  can  go 
on  throughout  the  year,  as  long  as  environmental  factors  are  suitable. 


Germination 


Germination  occurs  on  a  daily  basis  as  a  function  of  temperature,  moisture,  and 
light  reaching  the  ground  surface.  Although  there  is  certainly  great  variation  in 
the  germination  response  of  seeds  to  environmental  conditions,  given  a  diverse 
seed  bank,  the  following  equations  provide  an  attempt  at  an  average  response. 
Although  light  does  not  actually  influence  the  germination  of  all  seeds,  at 
diminishing  light  levels  less  growth  can  be  supported  under  the  lower  canopy. 
So,  even  if  the  algorithm  inhibits  seed  germination  more  than  that  which  would 
actually  occur,  it  is  assumed  that  newly  emerged  plants  would  not  thrive  anyway 
in  heavily  shaded  conditions. 


CGermvl  =  PropSBv  x  CMR  x  MaxGRate  x  TempEffgerm( 
x  LightEffgermt  x  MoistEffgerml 


[11.1] 


TempEff 


germj 


t-\ 


E   (TSoilLyrll  -  MinTempgeJ 


t=t-\Q 


[11.2] 


\0(MaxTempgerm  -  MinTempgerm) 


111 


t-\ 

£    i^dSurft-MinLightgeJ 

18     *""*'    10  (MaxLightgerm  -  MinLightgeJ 


0    QtLvri  *  QwpLvri  during  any  of  preceeding  10  days 
MoistEff         _*'•>*  [11.4] 

jjgerm,t       j     0,  L  w  >  ®wpLri  during  each  of  preceeding  10  days 

where,  on  day  t: 

CGermvl  is  carbon  in  newly  germinated  plants  of  vegetation  type  v  (kg  ha"1); 

PropSBv  is  the  proportion  of  seeds  in  the  soil  seed  bank  of  vegetation  type  v 
(annual,  herbaceous  perennial,  or  woody  perennial); 

MaxGRate  is  maximum  rate  of  germination  that  can  occur  (default  is  50  kg  dry 
matter  per  ha); 

TempEff     ,  is  effect  of  temperature  on  germination  (0-1  scalar); 

LightEffgerml  is  effect  of  light  on  germination  (0-1  scalar); 

MoistEff  ml  is  effect  of  moisture  on  germination  (0-1  scalar); 

TSoilLyr]l  is  average  temperature  in  layer  1  (°C); 

MinTempgerm  and  MaxTempgerm  are  minimum  and  maximum  temperature  limits, 
respectively,  affecting  rate  of  germination  (°C); 

RadSurfl  is  light  radiation  reaching  the  ground  surface  (kJ  m"2); 

MinLightgerm  and  MaxLightgerm  are  minimum  and  maximum  light  limits, 
respectively,  affecting  rate  of  germination  (kJ  ~2); 

QLyrlJ  is  soil  moisture  content  in  layer  1  (mm);  and 

®wp,Lyri.t  is  soil  moisture  content  at  wilting  point  in  layer  1  (mm). 

Radiation  reaching  the  ground  surface  is  the  light  that  penetrates  through  the 
lower  canopy: 

n 

Radsur/j  =  RadL,t  x  T,(.CanFracvLt  x  exp(-EYTvL  LAIV  L ,  /  CanFracv  L ,))  [11.5] 

v  =  l 
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Since  the  model  does  not  simulate  individual  plants,  nascent  biomass  must  be 
added  to  the  rest  of  the  stand.  It  is  divided  evenly  between  roots  and  leaves: 


CGermiVSyj  =  CGermvt  x  0.5 


[11.6] 


CGerm 


,  =  CGerm  .  x  0.5 

rts,v,t  v,t 


where: 


[11.7] 


Woody  Perennials 


CGermlvsvt  and  CGermrlsvl  are  amounts  of  carbon  in  leaves  and  roots, 
respectively,  of  newly  germinated  plants  of  vegetation  type  v  on  day  t 
(kg  ha"1). 

Above-ground  growth  begins  in  spring  when  average  daily  temperatures  rise 
above  a  minimum  for  bud  swelling.  This  is  identified  in  the  table  11.1  as  growth 
stage  1.  The  development  of  buds  represents  a  potential  for  later  leaf  growth. 
Bud  development  is  assumed  to  be  from  leaf  primordia  formed  in  relation  to  the 
mass  of  leaf  growth  in  the  previous  year: 


LfPrmdavct  =  (PotLfDevyct  x  OldLJMassvJ I (0.001  WtPerLfJ  [n.8] 

where: 

LfPrmda  are  leaf  primordia  (primordia  x  ha-1), 

OldLfMass  is  mass  of  leaves  that  were  formed  last  year  (kg  ha-1), 

WtPerLf  is  an  average  dry  weight  of  a  fully  expanded  leaf  (g),  and 

PotLfDev  is  potential  increase  in  leaf  number  relative  to  last  year's  leaf  growth 
(fraction): 


PotLfDev 


1.05  first  year  of  simulation 

CVeSbrc,vx,BegStgi '  CVeSbrc,v,c,PYBegStgi  [  succeeding  years 

where: 


[11.9] 


CVegbrcBegSlgl  and  CVegbKtPYBegSlg,  are  carbon  in  branches  of  vegetation  v  in 
canopy  c  at  the  beginning  of  stage  1  in  the  current  year  and  previous  year, 
respectively. 
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As  simulated  in  the  Riparian  Ecosystem  Management  Model  (REMM),  when  the 
buds  begin  to  swell,  the  primordia  have  no  mass;  so  in  the  first  stage  of  growth, 
photo synthates  are  allocated  to  primordia  based  on  their  number: 


CVeg 


buds,v,c,t 


=  Minimum  of 


CMR  x  MaxBudWt 


CVegi 


v,c,t 
buds,v,cJ-\  buds,v,c,t 


[11.10] 


where,  for  vegetation  v  of  canopy  c: 

CVegbudsvct  is  carbon  in  buds  on  day  t  (kg  ha-1),  and 

MaxBudWtvct  is  the  maximum  possible  dry  weight  of  buds  (kg  ha"1): 


MaxBudWtvct  =  BudWtFracvc  x  LfPrmdavcl  x  0.001  WtPerLfVi 

where: 


[11.11] 


BudWtFracvc  is  the  fraction  of  the  average  mass  of  a  fully  developed  individual 
leaf  comprising  the  mass  of  the  average  fully  developed  bud  of  vegetation  v 
in  canopy  c  (default  is  0.05). 

The  rate  of  bud  swell  depends  on  the  state  of  dormancy  of  the  plant  when 
warming  spring  temperatures  allow  bud  swelling  to  occur.  It  is  adjusted  each  day 
so  that  if  moisture  and  nutrients  are  adequate,  buds  will  be  fully  developed  when 
bud  burst  occurs: 


GR 


buds.v.cj 


Min. 
of 


0.5  CMR,     x  MaxBudWt 

Lvs  v,c 

(TA,rjVe,  -  GDDMin)  x  (CMRLvs  x  MaxBudWt^ 
~  CVegbudsy^x)  I  (GDDReq^,  -  GDD^J 


GDD  >  GDDReqvcl 


GDD  <  GDDReqvct 


[11.12] 


Growth  stage  2  begins  at  bud  burst.  At  this  point  the  new  leaves  begin 
photosynthesizing  and  contributing  to  the  leaf  area  index  of  the  tree.  This  stage 
continues  until  full  leaf  expansion  or  until  a  boundary  value  of  growing  degree 
days  has  been  fulfilled,  whichever  comes  first. 
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Following  the  approach  of  Weinstein  and  Beloin  (1990),  REMM  uses  the 
accumulation  of  growing  degree  days  to  determine  the  duration  of  growth 
conditions.  Only  one  cohort  of  leaves  is  allowed  to  develop  each  year.  In 
deciduous  trees,  photosynthesis  begins  with  bud  burst. 

The  onset  of  cool  autumn  weather  or  short  day  lengths  can  induce  dormancy  in 
the  above-ground  parts  of  temperate  plants.  During  dormancy  only  some  main- 
tenance respiration  occurs.  Dormancy  is  distinguished  from  a  cold-temperature- 
maintained  quiescent  condition  by  the  fact  that  dormant  plants,  upon  warming, 
have  delayed  growth.  The  state  of  dormancy  may  continue  until  a  chilling 
requirement  has  been  satisfied  (Garber  1983).  Carlson  (1985)  demonstrated  that 
chilling  1 -year-old  loblolly  pine  (Pirnts  taeda  L.)  seedlings  between  0  and  8  °C 
for  increased  periods  resulted  in  increasing  the  rate  of  root  growth  and 
decreasing  the  time  to  bud  break  after  the  plants  were  placed  into  warm,  humid 
conditions. 

In  REMM,  the  amount  of  warm  temperatures  required  for  bud  burst  is  deter- 
mined as  a  function  of  chilling  period  (figure  11.1).  The  following  relationship 
was  derived  by  Murray  et  al.  (1989)  from  a  study  of  15  temperate  tree  species: 

GDDReqBBt  =  a  +  b  exp(r  *  cw^,)  [11.13] 

where,  on  day  t: 

GDDReqBBl  is  number  of  growing  degree  days  required  to  reach  budburst, 

a,b,  and  r  are  coefficients  (table  11.2),  and 

Chillt_x  is  the  number  of  days  after  November  1  with  average  temperatures  below 
5°C. 

Bud  burst  occurs  when  the  cumulative  growing  degree  days  equal  the  growing 
degree  day  requirement.  Tabulation  of  cumulative  growing  degree  days  (GDD,) 
begins  on  January  1 .  They  are  defined  as — 


0 
GDDt  =  GDD^  +  Maximum  of  <  _  5  [11.14] 

where: 

TAirAve,  is  daily  average  air  temperature  on  day  t. 
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For  deciduous  plants,  between  the  time  of  budburst  and  full  leaf  expansion,  it  is 
assumed  that  leaf  growth  is  largely  determined  by  previous  bud  development  and 
nutrient  status  of  the  plant. 


Herbaceous  Plants 


Two  patterns  of  herbaceous  growth  are  simulated  in  REMM.  The  herbaceous 
annuals  have  a  monocarpic  cycle,  consisting  of  germination,  vegetative  growth, 
reproduction,  and  death  (table  11.3).  The  herbaceous  perennials  re-emerge  each 
spring  from  roots  and  rhizomes  followed  by  vegetative  growth,  reproduction, 
and  senescence  (table  1 1 .4).  Rather  than  translocating  all  available  carbohydrates 
to  the  fruits,  a  large  portion  of  carbohydrates  are  stored  in  the  roots  for  winter 
survival  and  spring  regrowth. 


For  the  sake  of  simplicity,  the  parts  of  herbaceous  plants  are  characterized  as 
leaves,  stems,  fine  roots,  and  storage  organs.  Accumulation  of  carbohydrates  in 
the  storage  organs  begins  with  the  commencement  of  the  reproductive  growth 
phase.  The  storage  organ  of  the  annuals  is  the  fruit.  For  the  perennials,  it  is  the 
roots. 

The  annual  cycle  for  herbaceous  annuals  and  perennials  is  done  empirically, 
using  algorithms  similar  to  those  employed  in  the  SUCROS  (van  Keulen  et  al. 
1982)  and  SUCROS87  models  (Spitters  et  al.  1989).  Rate  of  development  is 
simulated  as  a  function  of  both  temperature  and  day  length  (figure  1 1 .2). 
Development  is  simulated  as  changing  gradually,  with  reproductive  growth 
beginning  when  the  developmental  stage  (DVS)  equals  1  (van  Keulen  et  al. 
1982): 


DVS.  = 


DVSt_{  +  (DevRateveg  x  TempEffvegt  x  DLEfft) 


DVS,_X  +  (DevRaterep  x 


TempEffrept) 


DVSt_{  <  1 
DVSt_x  >  1 


[11.15] 


where,  on  day  t: 

DevRateveg  and  DevRaterep  represent  maximum  rates  of  development  for 
vegetative  and  reproductive  phases,  respectively  (defaults  are  0.0252  and 
0.0477  per  day);  and 

TempEffvegt  and  TempEff   ,  are  temperature  effects  during  vegetative  and 

reproductive  growth,  respectively  (0-1  scalars;  constrained  to  equal  0  when 
StdAirAvetl  =  0). 

The  calculated  relationships  for  effects  of  temperature  and  day  length  are  similar 
to  those  in  SUCROS,  except  that  temperature  and  day  length  are  first 
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standardized  to  values  between  0  and  1  so  that  the  relationships  may  be  more 
generalizable  to  different  locations: 


TempEff       = 


0 

Maximum  of  {  \  \ 

Minimum  of 


1.03  +  0.224  ]n(StdTAirAve) 


[11.16] 


DLEfft  =  Maximum  of  < 


Minimum  of 


1.02  +  0.498  \n(StdDL) 


[11.17] 


TempEff re  (  =  Maximum  of  ' 


Minimum  of  j  Q  g55  +  Q  433  \n{StdTAir Ave) 


[11.18] 


where,  on  day  t: 

StdTAirAvel  is  standardized  average  air  temperature  (range  from  0-1), 

DLEff  is  effect  of  day  length  during  vegetative  growth  (0-1  scalar;  constrained 
to  equal  0  when  StdDLt  =  0),  and 

StdDL,  is  standardized  day  length  (range,  0-1). 


TempEff ve  t  =  Maximum  of  ' 


Minimum  of  \xm+  0224  \n(StdTAirAvJ 


[11.19] 


StdDL.  =  Maximum  of 


1 


Minimum  of  i 


DayLt  -  DLMin 
DLMax  -  DLMin 


[11.20] 
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where: 

TAirMindev  and  TAirMaxdev  are  minimum  and  maximum  values,  respectively, 
influencing  plant  development  (°C);  and 

DLMin  and  DLMax  are  minimum  and  maximum  values,  respectively,  of  day 
length  (hours). 

Carbon  for  emergence  comes  from  stored  photosynthates.  Emergence  of 
perennial  herbaceous  plants  is  assumed  to  respond  to  soil  temperature  and 
moisture  conditions  in  a  manner  similar  to  germination.  Emergence  occurs  until 
the  carbon  used  for  emergence  equals  the  carbon  in  reserves  at  the  beginning  of 
the  growing  season  minus  depletion  for  maintenance  respiration: 


Min.  \cVegRsvZerovc  -  MRespSumvcl  -  CEmergSumvct_x 

of  \RCAE  x  CVeg      Tl  x  TempEff      ,  x  MoistEff      , 

CEmerg  -  I  °rsv,v,L,t  ?    JJgermj  JJ  germ  J 

0 


DVS  <  1 
DVS  z  1 


[11.21] 


where: 

CVegRsvZerovc  is  carbon  in  reserves  in  vegetation  v  of  canopy  c  when  DVS  =  0 
(kg  ha"1),  ' 

MRespSumvci  is  the  sum  of  carbon  used  for  respiration  in  vegetation  v  of  canopy 
c  between  when  DVS  =  0  and  day  t  (kg  ha"1),  and 

RCAE  is  relative  carbon  allocation  for  emergence  (default  is  0.2  kg  kg-1). 

Root  Growth  Daily  changes  in  total  root  carbon  are  added  or  deleted  from  the  root  carbon  in 

each  soil  layer  in  proportion  to  the  fraction  of  roots  in  that  layer  and  modified  by 
a  factor  for  adverse  soil  conditions: 

Calloc,csrts,v,cj,t    =    DPthFraCv,cj,t    X    StreSsFaCv,cjj    X    C alloc.csrts^c,,  [11.22] 

CallocJhrts,V,cj,t    =   DPthFraCv,c,j,t    X   StreSsFaCv,cj,t    X    C alloc. fnrtsy^l  [11.23] 

where,  for  vegetation  type  v  in  canopy  c  in  layery'  on  day  t: 

DpthFracVCjl  is  the  expected  fraction  of  total  root  mass,  and 

StressFacVCJl  represents  the  influence  of  soil  characteristics  inhibiting  root 
growth  (0-1  scalar). 
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The  expected  root  distribution  through  the  soil  profile  was  determined  from  an 
empirical  relationship  by  Gerwitz  and  Page  (1974): 


DpthFracvc     = 


exp 


0 


'  -4.605  LDpthj 


RD 


v,c,t 


exp 


-4.605  LDpthj 


RD 


v>c,t  I 


LDpthj  RDvct 


LDpth^>RDvct 


[11.24] 


where: 

LDpthj  is  the  depth  at  the  bottom  of  layery  (cm),  and 

RDVCI  is  rooting  depth  of  vegetation  v  in  canopy  c  on  day  t,  defined  in  REMM  as 
the  maximum  depth  of  96  percent  of  the  roots  (cm). 

Although  Gerwitz  and  Page  validated  their  model  by  comparing  it  to  the  root 
systems  of  vegetables,  cereals,  and  grasses,  it  also  corresponds  well  with 
published  data  for  tree  root  systems  (figure  1 1 .3). 

The  depth  of  rooting  in  REMM  is  not  a  function  of  root  biomass.  Depth  of 
rooting  is  estimated  by  the  potential  for  growth  during  a  single  season,  limited  by 
soil  conditions  and  the  maximum  possible  depth  for  each  species.  Root  depth  for 
both  annual  species  and  young  perennial  species  in  REMM  is  determined  after 
an  empirical  relationship  derived  by  Borg  and  Grimes  (1986)  and  a  stress  factor 
from  Jones  et  al.  (1991): 


RD. 


v,c,t 


Minimum 
of 


Maximum  of 


\LyrLimitvct 


RDYBvc  +  [0.5  +  0.5  sin(3.03  SDRvcl  -  1.47)]  x  PotDpthGrthvc 


[11.25] 


where,  for  each  vegetation  type  in  each  canopy  on  day  t: 

RDYBvc  is  depth  of  rooting  at  beginning  of  year  (cm), 

LyrLimitvct  is  a  limitation  of  growth  due  to  soil  conditions  (cm), 

SDRvct  is  the  ratio  of  the  current  day  to  the  growing  season  for  roots,  and 

PotDpthGrthvc  is  the  potential  increase  in  root  depth  during  the  current  season 
(cm). 
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The  layer  limitation  is  determined  by  a  stress  factor: 


0 


LyrDepthLyrl 
LyrLimitvcJ  =  ^^/^ 

LyrDepthLyr3 
where: 


StressFacvcLyr]l  =  0 
StressFacvcLyrlt>0,  StressFacvcLyr2[  =  0 
StressFacvcLyr]>0,  StressFacvcLyr2>0,  StressFacvcLyr3t 
StressFacvcLyrl>0,  StressFacvcLyr2>0,  StressFacvcLyr3t 


=  0 
>0 


[11.26] 


StressFac,  is  a  stress  factor  value  on  day  t  (0-1  scalar). 

The  stress  factor  can  limit  the  allocation  of  carbon  for  root  growth  in  each  layer, 
as  well  as  limit  the  penetration  of  roots  into  deeper  layers.  However,  once  a 
given  rooting  depth  has  been  attained  by  a  plant  type,  the  model  does  not  allow 
for  a  reduction  in  rooting  depth,  even  with  the  advent  of  adverse  soil  conditions. 
If  soil  conditions  do  not  limit  rooting  in  any  of  the  three  layers,  the  LyrLimit,  is 
set  equal  to  the  bottom  of  layer  3,  since  that  is  defined  as  the  maximum  possible 
depth  of  all  roots. 

Commencement  of  root  growth  for  germinating  plants  (both  perennials  and 
annuals)  is  at  germination.  For  perennial  tree  species  during  the  year  of 
germination,  increase  in  rooting  depth  continues  until  the  end  of  stage  3 .  For 
older  perennial  tree  species,  there  may  not  ever  be  any  cessation  of  root  growth 
during  the  winter,  particularly  in  the  lower  soil  layers  and  at  low  latitudes. 
However,  after  the  year  of  germination,  depth  of  rooting  is  assumed  to  only 
increase  during  the  period  of  coarse  root  growth  (stage  3).  Determination  of  the 
ratio  of  current  day  to  season  length  (SDR    ,)  depends  on  the  plant  type: 


DVS. 


DVSJ2 


SDR 


^-GDDtIGDDBegStg4 


(GDDt  -  GDDBegStg3)  KGDDBegStg4  -  GDDBegStg3) 


herbaceous  annuals 

herbaceous  perennials 

woody  perennials 
(year  of  germination) 

woody  perennials 
(after  germination  year) 


[11.27] 


where: 

GDDBegStg3  and  GDDBegSlg4  are  the  cumulative  growing  degree  days  to  the 
beginnings  of  stages  3  and  4,  respectively. 
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Potential  depth  growth  for  each  plant  type  is  determined  by  the  rooting  depth 
increase  that  can  occur  in  a  season  or  the  maximum  possible  depth  of  rooting  for 
the  species: 

{One  YrMaxDpth 
Dr.  nr>  HI  281 

RDMax   ~  RDYB 

where: 

OneYrMaxDpth  is  maximum  annual  increase  in  root  depth  possible  for  the 
species  (cm),  and 

RDMax  is  maximum  rooting  depth  possible  for  the  species  (cm). 

In  a  model  of  root  growth,  Jones  et  al.  (1991)  suggest  some  factors  that  can 
attenuate  root  distribution.  Several  of  these  have  been  incorporated  into  REMM: 


StressFac     .,  =  Minimum  of 


SCFj 

SSTJt  [11.29] 

SAI    ., 


where: 

SCFj  is  a  factor  for  coarse  fragments  in  layer/  (0-1  scalar), 

SST ,  is  a  factor  for  soil  strength  in  layer/  on  day  t  (0-1  scalar),  and 

SAIj ,  is  a  factor  for  soil  aeration  in  layer/  on  day  t  (0-1  scalar). 

SCFj  =  1  -  FVRockj  [11.30] 

where: 

FVRockj  is  the  volume  fraction  of  particles  larger  than  2  mm  diameter  in  layer/. 

Since  soil  surveys  may  list  rock  fragments  as  a  mass  fraction  of  the  total  soil  dry 
weight  and  list  fragments  smaller  than  2  mm  as  the  mass  fraction  of  oven-dry 
soil  less  than  3  inches  in  diameter  that  will  pass  through  a  No.  10  sieve  (USA 
Standard  Series),  a  conversion  is  necessary: 
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LgFraCj  I  BDRock 
FVRoc  j  -   ^LgFmcj BDRock)  I  (siOFrctCj/BDj)  [U31] 

where: 

LgFrac/  is  the  fraction  of  soil  larger  than  2  mm  diameter  in  layery  (g  g_1), 

BDRockj  is  particle  density  of  material  larger  than  2  mm  diameter  (assumed  to  be 
2.65  gem"3), 

SlOFraCj  is  the  fraction  of  soil  less  than  7.62  cm  (3  inches)  diameter  that  is  less 
than  2  mm  diameter  (that  is,  that  passes  USA  Standard  Series  sieve  No.  10) 
(g  g"1),  and 

BDj  is  the  bulk  density  of  soil  material  less  than  2  mm  in  diameter  (g  cm"3). 
LgFrac.  =  RkFraCj  +  [(1  -  SlOFracJ)  *  (1  -  RkFracfi  [11.32] 

where: 

RkFraCj  is  the  fraction  of  the  soil  that  is  rock  fragments  larger  than  7.62  cm 
(g  g"1). 

The  factor  for  soil  strength  is  a  function  of  bulk  density,  sand  content,  and 
available  water  (Jones  et  al.  1991): 

SSTjt  =  SBDj  x  sin  (1.57  AWFracJt)  [11.33] 

where,  for  each  soil  layer  on  day  t: 

SSTj,  is  the  stress  factor  for  soil  strength  (0-1  scalar), 

SBDj  is  a  factor  for  bulk  density,  and 

AWFraCj,  is  the  fraction  of  available  water  in  the  soil  (mm  mm1): 


0 
AWFrac     =  (9y/  -  ®WP)I(®FC  ~  QWP) 


%,t  <  QWP 


Qwp  *  %,t  *  Qfc  [11-34] 


FC  jj 


The  factor  for  bulk  density  is  calculated  as  (Jones  et  al.  199T 
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0 
SBDj  =  (BDMax 
1 


BDJ)  I  (BD 


Max 


"  BDMJ 


BDU     <  BD 

Max  j 

BDU    <  BD   <  BDU 

Mm  j  Max 

BD   <  BD,, 

j  Mm 


[11.35] 


where: 


BDMax  is  bulk  density  at  which  there  is  complete  inhibition  of  root  growth,  and 
BDMm  is  the  bulk  density  at  which  there  is  no  inhibition  of  root  growth: 


BDU     =  1.6  +  0.004  Sand 

Max  j 


[11.36] 


BD 


Mm 


1.1  +  0.005  Sand 


where: 

Sand,  is  the  proportion  of  sand  in  the  soil  (%). 

The  stress  factor  for  aeration  is  calculated  by  (Jones  et  al.  1991)- 


[11.37] 


SFT     + 
SAL 


(1  -WFPj){\  -SFT J 


v,cj,t 


1  -  CWP. 


\ 


WFP .,  >  CWP 


WFP    <  CWP 

J,'  v,c 


[11.38] 


CWP      =  0.4  +  0.004  Clay 


where,  on  day  t: 


[11.39] 


SAIVCJl  is  a  stress  factor  for  aeration  for  vegetation  v  in  canopy  c  in  layery'  (0-1 
scalar), 

SFTVC  is  the  fraction  of  normal  root  growth  when  pore  space  is  saturated  for 
vegetation  v  in  canopy  c  (0-1  scalar), 

WFP Jt  is  the  fraction  of  pore  space  containing  water  in  layery, 

CWPVC  is  the  water-filled  pore  fraction  at  which  aeration  begins  to  limit  root 
growth  for  vegetation  v  in  canopy  c,  and 

Clay,  is  the  proportion  of  clay  in  the  soil  in  layery  (%). 
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Height  Growth 


Tree  height  is  calculated  as  a  function  of  age  and  site  quality  index  using 
empirical  age  and  height  relationships  (site-index  curves).  Hughes  and  Sendak 
(1985)  point  out  that  most  published  site-index  curves  can  be  expressed  as — 


Htt  =  MaxHt  +  [(4.5  -  MaxHt)  x  exp{-TreeAge , / HtC)]  [11.40] 

where: 

MaxHt  is  maximum  tree  height  (ft), 

TreeAge,  is  tree  breast  height  age  on  day  t  (years),  and 

HtC  is  tree  height  time  constant  (years). 

Two  constants,  MaxHt  and  HtC,  are  characteristic  of  the  site.  They  can  be 
determined  for  a  location  by  iteratively  solving  site-index  curve  by  fitting 
equation  1 1 .40  to  two  points  (Hughes  and  Sendak  1985). 


Nutrient  Uptake  and 
Partitioning 


The  simulation  of  nutrient  uptake  and  partitioning  to  plant  parts  follows  the 
approach  of  the  PAPRAN  model  (Seligman  and  van  Keulen  1981).  It  is  based  on 
demands  created  by  growth.  The  SPUR  model  for  rangeland  production  (Hanson 
et  al.  1983)  and  models  by  Mohren  (1986)  and  Chen  et  al.  (1988)  for  tree  growth 
utilized  this  concept.  The  approach  allows  simulation  of  changing  allocations  of 
nitrogen  and  phosphorus  based  on  availability  and  demand.  The  model  provides 
interaction  between  photosynthesis  and  a  subsequent  demand  for  nutrients,  the 
supplies  of  which,  in  turn,  influence  photosynthesis. 


Nutrient  Uptake 


The  mass  balance  for  nutrients  in  vegetation  is  calculated  as — 


Nu.     ,  =  Nu      ,  ,  +  Nu,, ,,  .     ,  -    y\  Nu,.,,    . 

t,v,c,t  i,v,c,t-\  Uptk,i,v,c,t  £-~t  Litter, i, orgy, c,t 

org=\ 


[11.41] 


where,  in  vegetation  v  of  canopy  c  on  day  t: 

Nuu  is  nutrient  i  (nitrogen  or  phosphorus)  (kg  ha"1), 

NuUplklvcl  is  uptake  of  nutrient  i  from  the  soil  (kg  ha"1),  and 

NuLllleriorgvcJ  is  loss  of  nutrient  /  in  litter-fall  from  plant  organ  org  (kg  ha"1). 

The  total  amount  of  a  nutrient  in  the  vegetation  is  the  sum  of  quantities  in  the 
plant  organs: 
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RD 


Minimum 
of 


Maximum  of 


(RD     , 

I  v,cj- 


\LyrLimitvct 
RDYBvc  +  [0.5  +  0.5  sin(3.03  SDRvct  -  1.47)]  x  PotDpthGrthV{ 


[11.42] 


Available  nutrients  in  the  soil  layers  are  partitioned  among  the  plants  in  a  manner 
similar  to  the  partitioning  of  available  water  in  the  soil.  As  long  as  moisture  in  a 
soil  layer  is  above  the  wilting  point  at  the  beginning  of  the  day,  unadsorbed 
nutrients  are  assumed  to  be  available  for  uptake  on  that  day  (van  Keulen  et  al 
1982).  The  moisture  factor  influencing  nutrient  uptake  does  not  change  as 
moisture  is  depleted  within  a  single  day: 


NuUptkivc  t  =  Minimum  of < 


RNuDem 


i,v,cj,t 


AvailNu  . ,  x  - 

'•/•'  n       2 


RNuDem       ,  *  AdjNuMRF      ., 

l,V,CJ,t  J  i,v,cj,t 


E£(^^"W,  x  AdjNuMRF ivc J 


v=l   c=\ 


[11.43] 


y-i 


RNuDeml,v,CJ,t  =  M^»W,  "  £  NuUPfKv,CJ, 

Lyrl 


[11.44] 


AdjNuMRF ivcjt  =  NuMRFijt  x  *FK,v>c,t,  /  £  £  {NvMRF^  x  tfFP^,,) 


c=l  v=l 


[11.45] 


NuMRFivcjt  =  NuMFijt  x  RFL^^  /  ^(NuMF^  -  RFLivcj) 


[11.46] 


A^wMF 


v.'       0 


0,  >  6^ 

0,  <  O^p 


[11.47] 
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where,  on  day  t: 

NuUptk,     ,  is  nutrient  uptake  by  vegetation  v  from  layer/  (constrained  to  0  if 
RNutDemVJ,  or  AdjNutMRFVJ,  equal  0)  (mm), 

RNuDemv. ,  is  the  potential  nutrient  demand  (nitrogen  or  phosphorus)  remaining 
for  vegetation  v  in  soil  layer/  after  the  nutrient  has  been  taken  up  from  the 
upper  soil  layers  (mm), 

AvailNUj,  is  available  nutrient  (nitrogen  or  phosphorus)  in  soil  layer/  (mm), 

NuDemvl  is  the  nutrient  demand  (nitrogen  or  phosphorus)  by  vegetation  v  (mm), 

Adj'NuMRFv/l  is  a  moisture  factor  adjusted  for  the  fraction  of  the  root  mass  of 
vegetation  v  in  layer/  relative  to  its  roots  in  the  other  layers  and  relative  to  all 
other  roots  in  layer/  (constrained  to  0  if  NutMRFVJl  or  RFV  ,  equal  0)  (0-1 
scalar), 

NuMF.,  is  a  moisture  factor  for  layer/  (0-1  scalar), 

NuMRFvjl  is  a  moisture  factor  adjusted  for  the  fraction  of  the  root  mass  of 

vegetation  v  in  layer/  relative  to  its  roots  in  the  other  layers  (constrained  to  0 
if  NutMFVJt  or  RFLVJl  equal  0)  (0-1  scalar), 

RFLj,  is  the  fraction  of  the  root  mass  of  vegetation  v  in  layer/  relative  to  its  roots 
in  the  other  layers,  and 

RFV  t  is  the  fraction  of  the  root  mass  of  Vegetation  v  in  layer/  relative  to  all 
other  roots  in  layer/. 

The  demand  for  a  nutrient  is  a  function  of  the  concentrations  of  that  nutrient  in  a 
plant's  organs  (van  Keulen  et  al  1982),  but  constrained  by  the  potential  range  of 
the  nitrogen/phosphorus  ratio  (Mohren  1986,  Mohren  et  al.  1986).  Demand  for  a 
nutrient  is  assumed  to  take  at  least  2  days  to  be  fulfilled  (van  Keulen  et  al.  1982): 

n 

NuDem      ,  =    Y  NuDem  ,  [11.481 

i,v,c,t  Z—'  i,org,v,c,t  L"-TUJ 

org=] 

NuDem  .  =  [(DM        ,  x  MaxNuConc  ,)  -  Nu.         ,]/TCn 

constrained  by:   4  <  NPR  <  30 

where,  on  day  t: 

NuDemlvct  is  nutrient  /  demanded  by  vegetation  v  in  canopy  c  (kg  ha"1), 

NuDem,      xt  is  nutrient  i  demanded  by  organ  org  of  vegetation  v  in  canopy  c 
(kghaA 
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MaxNuConc,orgvcl,  is  the  maximum  concentration  of  nutrient  i  that  can  be  taken 
up  by  organ  org  of  vegetation  v  in  canopy  c  (kg  kg"1), 

TCDem  is  a  coefficient  for  the  time  required  to  fulfill  the  demand  (default  is  2 
days),  and 

NPR  is  the  nitrogen/phosphorus  ratio. 

In  PAPRAN,  the  effects  of  stress,  such  as  reduced  light  intensity  or  water 
shortage,  is  reflected  in  the  demand  for  nitrogen  by  the  integration  of  reduced 
growth  over  time.  Seligman  et  al.  (1975)  noted  that  passive  uptake  of  nitrogen  in 
the  transpiration  stream  is  insufficient  to  account  for  much  of  the  demand  by 
vegetation.  They  considered  that  as  long  as  adequate  amounts  of  nitrogen  are  in 
the  soil,  uptake  is  controlled  by  active  plant  uptake  processes.  Therefore,  in  the 
model,  correspondence  of  nutrient  uptake  with  moisture  uptake  is  not 
considered. 

In  REMM,  following  the  approach  of  de  Wit  et  al.  (1970)  and  Weinstein  and 
Beloin  (1990),  roots  are  allowed  to  get  to  nutrients  first,  the  remainder  going  to 
upper  parts  of  the  vegetation.  Although  the  plant  tops  have  priority  for 
photosynthates,  if  there  is  a  shortage  of  nutrients  in  the  leaves  and  stems,  the  use 
of  the  photosynthates  will  be  restricted  and  the  excess  will  go  down  into  the 
roots  and  reserves: 

constrained  by:  0  <  NuUptkifitsvct  <  NuUptkivct 


NuUPtki,crts,v,c,t   =  NuDemiMc,t 

constrained  by:  0  <  NuUptkicrtsvcl  <  NuUptkivcl  -  NuUptki/rtsvcl 


NuUPtki,stem,v,c,t    =  NuDemi^m,V,c,t  ^  ^ 

constrained  by:  0  <    NuUptkistemvct  <  NuUptkivcl  -  NuUptt/rtsvcJ  -  NuUptkicrtsvcl 
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NuUptkiJ}rcvct  =  NuDemibrcvct 
constrained  by:  0  <  NuUptk  brcvct  <  NuUptk  vct  -  NuUptkifiUvct 

-  NuUptk...  -  NuUptt 


[11.53] 


stem,v,c,t 


NuUptkilvsvcl  =  NuDemiJvsvcl 
constrained  by:  0  <  NuUptk.  lvsvct  <  NuUptkivcJ  -  NuUptt/rtsvcl  -  NuUptt crtsvcJ 


[11.54] 


The  subscripts  frts,  crts,  stem,  bac,  and  Ivs  denote  the  nutrient  uptake  and 
demand  for  fine  roots,  coarse  roots,  stems,  branches,  and  leaves,  respectively. 


Translocation  of 
Nutrients  from 
Senescing  Plant 
Parts 


The  amounts  of  nutrients  lost  in  litter-fall  from  vegetation  are  functions  of  the 
amount  of  litter- fall  and  the  amounts  of  nutrients  translocated  back  into  the  plant 
before  litter-fall  occurs.  It  is  assumed  that  there  is  no  translocation  of  nutrients 
from  root,  stem,  or  branch  tissue  (Nambiar  1987).  Cole  and  Rapp  (1980) 
indicated  little  translocation  of  nitrogen  from  conifers.  However,  Prescott  et  al. 
(1989)  observed  high  proportions  of  nitrogen  (40  to  50  percent)  and  phosphorus 
(50  to  80  percent)  to  be  reabsorbed  from  the  senescing  leaves  of  Rocky 
Mountain  coniferous  species.  Their  research  indicated  a  slight  increase  in  reab- 
sorption  with  increasing  nitrogen  and  phosphorus  foliage  concentrations.  In  a 
forest  growth  model  developed  by  Mohren  (1986),  25  percent  of  nitrogen  and  35 
percent  of  phosphorus  were  assumed  to  be  translocated  out  of  abscising  conifer 
needles.  In  REMM,  50  percent  of  the  maximum  concentration  of  nitrogen  and 
phosphorus  can  be  translocated  back  into  the  plant  from  senescing  leaves. 

Rather  than  allocating  translocated  nutrients  among  plant  organs  in  proportion  to 
the  size  of  the  sinks  (as  in  Habib  et  al.  1993),  organs  get  the  nutrients  on  a  prio- 
rity basis  to  satisfy  their  daily  nutrient  demands.  Remaining  leaves  have  the  first 
opportunity  to  receive  translocated  nutrients,  followed  by  branches,  stems,  and 
roots.  As  with  nutrient  uptake  from  the  soil,  the  ability  of  an  organ  to  receive  nu- 
trients is  constrained  by  the  limits  of  maximum  organ  nutrient  concentration  and 
allowable  nitrogen/phosphorus  ratios  (a  minimum  of  4  and  a  maximum  of  30). 
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Mortality 


Plants  in  REMM  die  in  correspondence  to  seasonal  patterns  of  senescence. 
Because  of  a  lack  of  information  on  the  mechanisms  involved  and  for  the  sake  of 
simplicity,  senescence  of  most  plant  parts  is  simulated  empirically.  Leaf  drop 
corresponds  to  several  different  patterns  simulated  in  the  sections  on  herbaceous 
and  woody  vegetation. 

Loss  of  living  tissue  also  occurs  if  photosynthates  are  insufficient  to  satisfy 
maintenance  respiration  requirements.  For  example,  light  infiltration  through  the 
upper  canopy  diminishes  with  growth  of  the  upper  canopy.  This  can  gradually 
result  in  death  of  the  lower  canopy  as  photosynthesis  is  reduced.  Under  deficit 
conditions,  plant  parts  are  assumed  to  die  in  proportion  to  their  respiration 
demands: 


CVegMRDth 


org.v,c,t 


CVegi 


org,v,c,t 


(1  -  MResp         J  MRespDem         ,) 


[11.55] 


where: 

CVegMRDth      cl  is  carbon  loss  from  organ  org  of  vegetation  v  in  canopy  c  on 
day  t  due  to  an  inability  to  satisfy  the  maintenance  respiration  demand  of  the 
organ  (kg  ha"1). 

As  leaves,  branches,  and  roots  die,  they  become  litter.  When  the  maintenance 
requirement  of  sapwood  is  not  met,  the  oldest  sapwood  dies  first,  becoming 
heartwood. 


Herbaceous 
Vegetation 


Death  of  leaves  and  roots  occurs  on  a  daily  basis.  Roots  die  at  a  constant  rate  per 
day  during  the  growing  season  (see  section  on  root  mortality)  and  in  relation  to 
maintenance  respiration  during  the  dormant  season.  The  calculation  for  leaf 
death  comes  from  SUCROS87  (Spitters  et  al.  1989).  It  is  a  function  of  aging  and 
self-shading: 


(CVeghsvct  x  RDRlvsvct)  +  CVegMRDthlvsvcJ 
CVegLitterorgvct  -  (CVegfrtsvct_x  x  RDRfrls  v)  +  CVegMRDth frtsvct 
CVeSjHS,v,c,t  WResPfrlsvct I  CVegrsvl) 


leaves 

fine  roots;  growing  season  [11.56] 

fine  roots;  dormant  season 


where,  for  vegetation  v  in  canopy  c  on  day  t: 

CVegLitter      cl  is  loss  of  carbon  in  organ  org  due  to  death  (kg  ha"1),  and 
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RDRlvsvcl  and  RDRfrlsvct  are  relative  death  rates  of  leaves  and  fine  roots  (kg  kg  '). 

The  relative  death  rate  of  leaves  is  determined  by  the  greater  of  the  effects  of 
aging  and  shading  (Spitters  et  al.  1989): 


RDR,       ,  =  Maximum  of 


AgeEff 
ShadeEfft 


[11.57] 


0 

AgeEff t  =  f003 

Maximum  of 


TAir. 


0.0158  +  (0.00699  x  1.082     *"•') 


DVSt  <  1 


DVSt  >  1 


[11.58] 


ShadeEfft  =  Maximum  of  * 


Minimum  of 


0.03 

0.03  {LAIt  -  LAICr)  I  LAICr 


[11.59] 


where,  for  annual  plants  on  day  t: 

AgeEff  is  the  effect  of  developmental  aging  (scalar  ranging  from  about  0  to  0.2), 

Shade Eff  is  the  effect  of  shading  (scalar  ranging  from  0  to  0.03),  and 

LAICr  is  a  critical  LAI  value,  above  which  shading  causes  death  of  lower  leaves 
(default  is  4.0  ha  ha"1). 

For  annual  plants,  death  of  the  entire  stand  occurs  when  either  its  development 
reaches  the  end  of  the  reproductive  phase  (DVS,  =  2)  or  when  there  is  a  killing 
frost,  whichever  comes  first.  On  that  day,  the  shoots  become  part  of  the  litter 
layer  and  the  roots  are  incorporated  as  fresh  organic  matter  in  their  respective 
soil  layers. 

Death  of  the  above-ground  portions  of  perennial  herbaceous  plants  occurs  when 
there  is  a  killing  frost;  that  is,  when  minimum  daily  air  temperature  reaches 
-1  °C  or  lower.  On  that  day,  portions  of  nitrogen  and  phosphorus  in  the  shoots 
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Woody  Vegetation 


are  translocated  down  to  the  roots  (see  section  on  translocation  of  nutrients),  and 
shoots  become  part  of  the  litter  layer. 

In  a  survey  of  temperate  forest  studies,  Jarvis  and  Leverenz  (1983)  found  that 
above-ground  litter-fall  averages  1  to  9  Mg  ha"1  yr"1.  Its  composition  averaged  70 
percent  leaves  and  7  percent  each  of  branches,  bark,  and  fruits.  They  also  pointed 
out  that  evergreen  gymnosperms  and  deciduous  angiosperms  had  similar 
amounts  of  total  litter- fall,  about  3.7  and  3.2  Mg  ha  '  yr"1,  respectively. 

Except  for  foliage,  no  attempt  has  been  made  to  model  temporal  changes  in  the 
shedding  of  plant  parts,  such  as  the  cladoptosis  (branch  abscission)  observed  in 
some  species.  Rather,  a  portion  of  roots,  stems,  and  branches  are  removed  from 
the  living  vegetation  each  day  as  a  function  of  their  biomass  and  any  inability  to 
satisfy  the  maintenance  respiration  demand.  Amounts  of  daily  litter  from  plant 
organs  other  than  leaves  is  determined  by — 


CVegLitter 


org,v,c,t 


(CVegt 


org,v,c,t-l 


RDRorzJ  +  CVeg^ 


MRDth,org,v,c,t 


[11.60] 


Relative  death  rates  (RDR     )  are  given  in  table  11.5 


Leaf  Litter 


In  REMM,  leaf  drop  from  trees  and  shrubs  is  simulated  as  ( 1 )  autumnal 
abscission  of  deciduous  species,  (2)  marcescent  leaf  abscission  of  deciduous 
species,  (3)  vernal  (spring)  abscission  of  broadleaf  evergreen  species,  and  (4) 
needle  drop  of  evergreen  conifers. 


Autumn  Leaf  Drop 


For  deciduous  vegetation,  autumnal  leaf-litter  fall  was  empirically  modeled  from 
a  study  by  Shure  and  Gottschalk  (1985)  of  a  floodplain  forest  on  the  upper 
coastal  plain  of  South  Carolina.  Leaf  drop  is  determined  by  a  combination  of  leaf 
maturity  and  cold  temperature  factors: 


CVegLitter 


lvs,DecidAut,c,t 


Min. 
of 


CVegi 


Ivs, DecidAut, c,t- 1 


CVegLitter 


Max. 
of 


[11.61 


(CVeg, 


lvs,DecidAut,c,t-\ 

x  MxLFRate 


DecidAut 

)  +  MRDthhsJ3ecidAul 


lvs,DecidAut,c,t-\ 
DecidAut 
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1 

LFFacDeadAutct  =  Minimum  of  \MatEff 


DecidAut,c.t 


+  ColdEffDeadAulxJ 


DLEff, 


[11.62] 


where,  for  deciduous  trees  with  an  autumnal  leaf-fall  pattern,  on  day  t: 
MxLFRateDecidAul  is  the  maximum  initial  rate  of  leaf-fall  (set  at  0.05  kg  kg"1), 
LFFacDecidAulcl  is  a  factor  controlling  the  rate  of  leaf-fall  (0-1  scalar), 
MatEffDecidAutct  is  the  effect  of  leaf  maturity, 
ColdEffDecidAulc[  is  the  effect  of  declining  autumn  temperatures,  and 
DLEff(  is  the  effect  of  day  length  (equals  0  or  1). 

The  MxLFRate  initially  limits  the  leaf  drop  to  no  more  than  5  percent  of  the 
canopy  biomass  per  day.  However,  if  there  is  a  sufficient  mass  of  leaves 
remaining  in  the  trees,  the  daily  amount  of  drop  is  constrained  to  at  least  what  it 
was  on  the  previous  day. 

The  MatEff,  simulates  the  influence  of  increasing  leaf  maturity  on  leaf  drop.  It 
may  represent  cummulative  effects  of  insect  damage,  drought,  shading,  and 
nutrient  deficiencies  and  decreasing  day  length.  It  is  based  on  accumulated 
growing  degree  days  after  bud  burst  in  spring: 


MatEff, 


Decmuw      (L3  x  10-4  GDDDeadAutJ 


GDDDecidAutct  -  0 

GDDDeadAuW  >  0 


[11.63] 


GDDn   ...  t     =  GDDn   ...  ,  ,  ,  +  Minimum  of 

DeadAut,c,t  DecidAut,c,t-\ 


GDDMax 


Maximum  of' 


[11.64] 


TAir.    ,  -  GDDMin 

Ave,t 


where,  on  day  t: 

GDDDecidAutct  is  the  value  of  accumulated  growing  degree  days  after  bud  burst  for 
autumn  deciduous  vegetation  in  canopy  c, 

GDDMax  and  GDDMin  are  maximum  and  minimum  limits  for  growing  degree 
days,  respectively  (defaults  are  32  and  5  °C),  and 

TAirAvel  is  average  daily  air  temperature  (°C). 
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ColdEffDecidAut.c.t  simulates  the  effect  of  declining  temperatures  in  the  autumn  on 
leaf  drop: 


ColdEff 


DecidAutxJ 


0 


ColdEff, 


Min 


DecidAut,cj-\         of 


ChtColdTemp    /50 

*  v,c 

0 

(ChtColdTemp     -  T,    .    ,) 


Max 
of 


, 


50 


Julian 
Date  <  230 

Julian 
Date  >  230 


[11.65] 


This  effect  is  a  cumulative  value  representing  days  after  August  17  with  an 
average  temperature  below  a  critical  level  (ChtColdTemp vc;  default  is  10  °C) 
(figure  1 1 .4).  On  each  day,  the  degrees  of  temperature  below  the  critical  level  are 
divided  by  50  and  added  to  the  accumulated  value  from  the  previous  day.  The 
division  by  50  determines  the  amount  of  cold  necessary  to  reach  the  maximum 
rate  of  leaf  drop.  That  is,  it  would  take  a  minimum  of  5  days  at  0  °C  (apart  from 
any  senescence  effect)  for  LFFac,  to  reach  maximum  value. 

Since  the  influences  of  the  maturity  and  cold  temperature  effects  are  additive,  if 
there  is  a  late  arrival  of  cool  temperatures  in  autumn,  then  fewer  days  of  cold 
temperature  would  be  required  to  reach  the  maximum  rate  of  leaf  drop.  This  is 
because  of  the  already  increased  maturity  of  the  leaves.  In  contrast,  in  a  year 
when  there  is  an  early  decline  in  air  temperature,  it  would  take  somewhat  longer 
to  reach  the  maximum  rate  of  leaf  drop. 

In  the  case  of  a  mild  autumn,  leaf  drop  will  eventually  be  triggered  by  the  decline 
in  day  length  below  a  critical  level: 


DLEff  = 


Daylt  <  ChtDayl 
Daylt  >  ChtDayl 


[11.66] 


where: 

ChtDayl  is  a  critical  day  length  inducing  autumn  leaf  drop  (hours).  If  the  trees 
are  insensitive  to  day  length,  ChtDayl  is  set  to  0. 
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Marcescent  Leaf  Drop     Some  deciduous  trees  have  marcescent  leaves — leaves  that  senesce  in  the  fall  but 

whose  abscission  process  is  not  completed  until  temperatures  begin  to  warm 
again  in  the  spring.  In  REMM,  increasing  temperatures  after  January  1  are 
assumed  to  promote  the  physiological  abscission  of  marcescent  leaves: 


CVegLitter 


lvs,DecidSpg,c,t 


Min. 
of 


CVeg 


lvs,DecidSpg,c,t  - 1 


Max 
of 


CVegLitter  lvsDecjdSpgct_ , 

(CVegh 
x  LFFacn   .,,      ,)  +  MRDth,    n   .  .„      , 

DeadSpg.c,tJ  lvs,DeadSpg,cJ 


>ivs,DeddSpg,c,t-\  x  MxLb Kate 'DecidSpg 


[11.67] 


LFFac 


DecidSpg,c,t 


Min. 
of 


1 

Max.j0 
of  I  (TAirAvet  -  GDDMin)IGDDMax 


Before  1  January 
After  1  January 
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Vernal  Leaf  Drop 


Vernal  leaf  drop  corresponds  to  spring  leaf  expansion.  Addicott  and  Lyon  (1973) 
noted  that  unlike  autumn  leaf  drop,  leaves  of  trees  with  this  characteristic  show 
few  signs  of  senescence.  They  suggested  that  changing  gradients  of  auxins  and 
gibberellins  and  new  sinks  in  the  developing  buds  are  likely  to  promote  leaf 
abscission.  In  REMM,  vernal  leaf  drop  is  simulated  as  beginning  at  bud  burst 
and  ending  with  full  leaf  expansion.  The  strength  of  the  signal  for  abscission  of 
old  leaves  is  matched  to  the  rate  of  new  leaf  expansion: 


CVegLitter hsVernalct  =  CVegoldlvsVemalct  {CumVernalFracct  -  CumVernalFrac cM) 

+  MRDth, 


[11.69] 


Ivs,  Vernal.c.t 


Cum  VernalFrac 


DM     ,       ,  -  MaxBudWt,,      ,  , 

newlvs,v,c,t  vernal,c,t 


c,t 


(LfPrmdaVernalcl  x  WtPerLfVermlc)  -  MaxBudWt VermlcJ 

where,  for  vegetation  v  in  canopy  c: 

CVegLitter hsVernalcl  is  the  mass  of  vernal  leaf  drop  on  day  t  (kg  ha"1); 


[11.70] 
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CumVernalFrac  cl  and  CumVernalFracct_l  are  cumulative  fractions  of  old  leaf 
senescence  at  the  end  and  beginning  of  day  t,  respectively; 

CVegoldlvsVernaLcl  is  carbon  in  old  leaves  on  day  t  (kg  ha"1);  and 

DM„ewlvsVernaltCit  is  dry  weight  of  new  leaves  on  day  t  (kg  ha"1). 

Coniferous  Needle  In  their  development  of  the  FOREST-BGC  model  for  coniferous  forests, 

Drop  Running  and  Gower  (1991)  assigned  a  leaf  turnover  age  of  4  years,  and  stem  and 

root  turnover  coefficients  of  0.02  and  0.8  (fractions  per  year),  respectively.  They 
found  leaf  turnover  age  to  be  one  of  the  most  sensitive  parameters  in  their  model. 
Kaufmann  et  al.  (1982)  noted  that  the  needle  longevity  of  some  coniferious 
species  such  as  loblolly  pine  is  only  2  or  3  years,  whereas  the  needle  longevity  of 
Engelmann  spruce  (Picea  engelmannii  Parry),  subalpine  fir  {Abies  lasiocarpa 
(Hook.)  Nutt.),  and  lodgepole  pine  {Pinus  contorta  var.  latifolia  Engelm.)  ranges 
from  7  to  20  years.  Pinyon  pine  {Pinus  monophylla  Torr.  and  Frem.)  has  been 
found  to  retain  its  needles  for  18  or  more  years  (Everett  and  Thran  1992). 
REMM  allows  the  user  to  input  different  retention  times  for  up  to  three  conifer 
species. 

Beadle  and  Jarvis  (1982)  developed  a  model  of  needle  growth  and  drop  for 
scotch  pine  {Pinus  sylvestris)  that  assumed  a  2.5-year  needle  life  span  (figure 
11.5).  There  was  no  needle  abscission  during  the  first  year  after  full  expansion. 
This  was  followed  by  a  period  of  slow  leaf  drop  for  1  year.  Remaining  2-year-old 
leaves  fell  rapidly  in  autumn.  In  REMM,  this  approach  was  used  as  a  basis  for 
litter-fall  from  coniferous  trees  with  varying  needle  retention  times.  The  total 
mass  of  the  carbon  in  leaves  on  each  conifer  species  combines  the  sum  of  several 
cohorts  of  leaves  that  developed  in  different  years: 

CVeglvsCmm  =  CMR  x  (YrlLfWt,  +  Yr2LfWtt  +  . . .  YrnLfWt,  +  . . .  YrZLjWt)  [11.71] 

where,  on  day  t: 

YrlLjWtt,  Yr2LfWtt,  YrnLfWt,,  and  YrZLfWt,  are  the  masses  of  leaves  persisting  in 
the  canopy  for  1,  2,  n,  and  final  years,  respectively,  of  a  leafs  life  (kg  ha-1). 

For  a  single  cohort,  the  pattern  of  leaf  drop  over  its  life  is  described  by  the 
equations  below.  Slow  drop  begins  during  August  of  the  second  year  following 
leaf  development.  The  rate  of  slow  drop  is  determined  so  that  about  two-thirds  of 
the  cohort  will  have  dropped  by  September  of  the  last  year  of  life  on  the  tree. 
During  the  proceeding  period  of  fast  drop,  all  remaining  leaves  of  that  cohort  are 
lost  from  the  tree  within  90  days. 
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YrlLfWtt  =  InitLfGwth  t  [11.72] 


InitLfGwth 

Yr2LjWtt  ----  Y^yppt      _  SiowLfDropRate 


Date  <  1  August 
Date  z  1  August 


YrZLfWt^  -  SiowLfDropRate 
YrZLJWt,  = 


-  MRDth^ConifJ  CMR^ConiU 


YrZLfWtt_x  -  FastLfDropRate 
-MRDth^ConilcJICMR^Comlc 


Date  <  1  September 


Date  >  1  September 


[11.73] 


YrnLjWtt  =  YrnLJWtt_x  -SiowLfDropRate  [11.74] 


[11.75] 


SiowLfDropRate  =  0.66  InitLfGrwth  I  [365  (LfL  -  1 .7)]  [1 1 .76] 

FastLfDropRate  =  SlowLfEndWt  1 90  [11.77] 

where,  on  day  t: 

InitLfGwth  is  the  total  leaf  mass  produced  during  year  1  (kg  dry  matter  x  ha-1), 

LfL  is  leaf  longevity  (years), 

SiowLfDropRate  is  the  slow  rate  of  drop-off  for  a  single  cohort  (kg  dry  matter 
x  ha"1), 

FastLfDropRate  is  the  fast  rate  of  drop-off  for  a  single  cohort  (kg  dry  matter 
x  ha"1), 

SlowLfEndWt  is  the  remaining  weight  of  a  cohort  at  the  end  of  the  slow  drop-off 
period  (kg  dry  matter). 

The  litter-fall  from  a  conifer  species  is  the  sum  of  the  litter-fall  from  each  cohort: 

z 
CVegLitterlvsComfct  =  CMR  x  £  (YrnLfWt^  -  YrnLfWt)  [11.78] 
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Conversion  of  In  a  model  for  the  growth  of  aspen  {Populus  tremuloides)  Burk  et  al.  (1990) 

Sapwood  to  assumed  that  stem  tissue  remained  sapwood  (requiring  maintenance  respiration) 

Heartwood  for  8  years.  In  a  coniferous  forest  model,  Mohren  (1986)  assumed  that 

conversion  of  sapwood  to  heartwood  occurred  after  1 5  years.  Simulating  the 
stem  wood  in  this  manner  requires  keeping  track  of  the  quantity  of  stem  tissue 
produced  in  each  year.  At  the  end  of  each  year,  the  total  production  of  sapwood 
is  assigned  to  the  first  cell  of  an  array  with  n  cells.  At  the  end  of  each  year,  the 
value  of  each  cell  is  set  equal  to  the  value  of  the  preceding  array  member: 

During  the  current  year,  CVegsteJ0]  =  CVegslem[0]  +  CVegstemt 

At  the  end  of  the  current  year      CVegstem[l]  =  CVegstem[0] 

and  CVeSstemm  =  CVegstem[\]  [U19] 

and  ■  ■ -CVegstem[n]  =  CVegs[em[n-\] 

and  CVeSNewHrtwd  =  CVeSstem[n] 

where: 

n  is  the  number  of  years  until  sapwood  becomes  heartwood,  and 

CNewHrlwd  is  sapwood  added  to  the  heartwood  pool  (kg  ha^1): 

CHrtwd,t    =   C/W,M    +  C»W/Mmto  [11.80] 


This  approach  gradually  increments  the  heartwood  content,  although  actually 
conversion  from  sapwood  may  mostly  occur  during  the  dormant  season  (Harris 
1954,  Shain  and  Mackay  1973). 

Root  Mortality  Roots  are  an  important  source  of  organic  material  in  the  soil.  Their  contribution 

in  forest  ecosystems  has  often  been  found  to  be  at  least  as  large  as  from  leaves 
(Cox  et  al.  1978,  Raich  and  Nadelhoffer  1989,  Hendrick  and  Pregitzer  1993b).  In 
reviewing  studies  of  root  growth,  Vogt  and  Bloomfield  (1991)  noted  that  the 
longevity  of  fine  roots  among  deciduous  tree  species  (<1  year)  has  been  found  to 
be  less  than  that  of  evergreens  (1  to  12  years). 

Studies  have  shown  large  seasonal  fluctuations  in  fine  root  biomass,  with  growth 
and  death  often  occurring  simultaneously  (Persson  1983).  Stress,  such  as 
extreme  temperatures,  drought,  nutrient  deficit,  or  lack  of  oxygen  may  increase 
die-back  of  fine  roots.  Root  death  may  also  increase  during  periods  of  rapid 
canopy  growth  when  carbohydrates  for  the  roots  may  be  in  short  supply.  (Vogt 
and  Bloomfield  1991). 
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In  his  review  of  root  shedding,  Head  (1973)  noted  that  much  of  fine  root  loss 
may  take  place  in  the  winter.  However,  Hendrick  and  Pregitzer  (1993a)  observed 
an  opposite  pattern.  They  found  fine  root  losses  from  sugar  maple  of  0.41  to  0.25 
percent  per  day  during  the  summer  when  soil  temperatures  averaged  about 
14  °C.  Root  mortality  dropped  to  0.13  percent  per  day  during  the  winter.  They 
suggested  a  possible  correspondence  between  their  findings  and  other  research 
that  has  indicated  a  relationship  between  root  mortality  and  increasing  root 
respiration  as  soil  temperature  increases  (Lawrence  and  Oechel  1983,  Marshall 
and  Waring  1985). 

Because  of  the  lack  of  knowledge  about  mechanisms  related  to  root  senescence, 
most  models  have  taken  an  empirical  approach.  McClaugherty  et  al.  (1980) 
estimated  root  litter  to  be  about  1 .3  times  the  leaf  litter  for  a  hardwood  stand  in 
the  northeastern  United  States.  This  relationship  has  been  used  in  several  forest 
models  (Aber  et  al.  1982,  Pastor  and  Post  1986,  Bonan  1990).  In  the  TREGRO 
model  (Weinstein  et  al.  1992),  the  fine  roots  of  red  spruce  (Picea  rubra  Sarg.) 
die  at  a  rate  of  0.5  percent  per  day.  In  the  FOREST-BGC  model,  Running  and 
Gower  (1991)  set  root  mortality  at  80  percent  per  year  (about  0.22  percent  per 
day).  This  rate  is  used  as  a  default  value  for  daily  mortality  of  fine  roots  in 
REMM.  Coarse  root  mortality  is  assumed  to  be  the  same  as  for  stems  (default  is 
0.0055  percent  per  day). 
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Table  11.1  Phenological  stages  of  tree  growth 


Growth 
stage 

Processes* 

Beginning 
signal 

Approximate 
duration 

1 

Bud  formation 
Fine  root  growth 

Temperature 

April-May 

2 

Leaf  growth 
Branch  growth 
Fine  root  growth 

Bud  burst 

May -July 

3 

Branch  growth 
Stem  growth 
Coarse  root  growth 
Fine  root  growth 

GDDt  or  full  leaf 
expansion 
(whichever 
happens  first) 

July-September 

4 

Leaf  primordia  formation 
Fine  root  growth 

GDDt 

September-November 

Dormancy 

Fine  root  growth 

Day  length  and 
temperature 

November-April 

*Processes  are  listed  in  order  of  priority  for  carbohydrate  allocation. 
t  GDD  =  growing  degree  days. 

Source:  Weinstein  et  al.  1992 
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Table  11.2.  Values  of  coefficients  used  for  determining  date  of  bud  burst  (equation 
11.13)  for  a  variety  of  woody  perennials 

Species  group*  a  b  r 

1 .  Fagus  sylvatica 

2.  Picea  sitchensis,  Robinia pseudoacacia, 

Tsuga  heterophylla 

3 .  Be  tula  pendula,  Corylus  avellana, 

Rubus  idaeus,  Sorbus  aucuparia 

4.  Larix  decidua,  Prunus  avium,  Rosa  rugosa, 

Salix  viminalis,  Sambucus  nigra 

5.  Crataegus  monogyna,  Populus  trichocarpa 
*  Species  are  listed  in  order  of  diminishing  chilling  requirements. 
Source:  Murray  et  al.  1989 


-147 

1,084 

-0.00904 

-  56 

602 

-0.00904 

36 

514 

-0.01918 

39 

468 

-0.02634 

46 

961 

-0.04919 

Table  11.3.  Phenological  stages  for  annual  herbaceous  species 


Growth  stage 


Growth  processes 


Beginning  signal        Approximate  duration 


Senescence 


Shoot  growth 
Root  growth 

Reproductive  growth 

Death  of  shoots  and  roots 


Germination 

DVS=\ 
DVS=2 


April-July 


July-September 
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Table  11.4  Phenological  stages  for  perennial  herbaceous  species 


Growth  stage         Growth  processes 


Beginning  signal        Approximate  duration 


1  Shoot  growth  Emergence 
Root  growth 

2  Reproductive  growth  DVS=\ 
Root  carbohydrate  storage 

Dormancy  Maintenance  respiration  Frost 

only 


April-July 

July-October 

October-April 


Table  11.5.  Relative  mortality  rates  of  organs  of  woody  plants 


Plant  part 

Relative  mortality  rate 

(RDR,) 

Daily  mortality  rate 

(kg  kg"' day"1) 

(kg  ha"1  day"1) 

Leaves 

Autumn  drop  (deciduous) 

Equation  11.61 

Marcescent  drop  (deciduous) 

Equation  11.67 

Vernal  drop  (broadleaf  evergreens) 

Equation  11.69 

Needle  drop  (coniferous  evergreens) 

Equation  11.78 

Branches 

0.000055 

Stems 

0.000055 

Coarse  roots 

0.000055 

Fine  roots 

0.0022 
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1-Jan 


1-Apr 


1-Jul 


30-Sep 


30-Dec 


31-Mar 


Date 


Figure  11.1.  Example  of  influence  of  chilling  (days  when  average  temperature  is  below  5  °C)  and 
cumulative  growing  degree  days  (GDD)  on  GDD  requirement  (GDD  Req)  and  date  of  bud  burst  in 
REMM 
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0  20  40  60 

Observed  root  distribution  (%) 


+  Douglas  fir,  840  stems/ha 

■  Douglas  fir,  1840 
stems/ha 

A  Larch 
#  White  spruce 
O  Aspen,  19yrold 
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Figure  11.3.  Predicted  root  distributions  from  model  by  Gerwitz  and  Page  (1974)  regressed  on  observed 
root  distributions  at  several  depths  through  the  soil  profile 
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Relationship  between  declining  autumn  temperatures  and  autumnal  leaf  drop  of  deciduous 
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Figure  1 1 .5.  Production  and  loss  of  needles  from  a  50-year-old  Pinus  sylvestris  canopy  (from  Beadle  and 
Jarvis  1982).  The  needles  remain  on  the  trees  for  about  2.5  years. 
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